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SOLIDIFICATION OF STEEL IN INGOT MOLDS 
By L. H. NEtson 


Abstract 


This article deals with the solidification of liquid steel 
in cast tron ingot molds. The phases of solidification con- 
sidered are: 

(1) the determination of the rate of solidification 
in various ingots 

(2) the influence of mold design, e.g., size and 
shape, on the rate of solidification 

(3) the influence of mold design and the rate of 
solidification on the soundness and freedom from porosity 
of the ingots produced. The article also gives detailed 
information on the various molds used, e.g., areas, vol- 
umes, per cent shrinkage on solidification, etc. Sketches 
of the molds and of the ingots, several charts and several 
tables of data are also included. 
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Factors INFLUENCING SOLIDIFICATION 


HE chief factors influencing solidification, listed in order of 
their probable importance, are as follows: 


(1) type, shape and size of mold 


(2) temperature of the steel above its melting point (amount 
of cooling necessary before solidification begins) 


(3) analysis of the steel (due to difference in heat conductivity ) 
(4) temperature of mold. 


The determination of the influence of the mold itself on solidi- 
fication or “freezing” is the chief purpose of this article. The data 
were collected on only one steel, viz., electric furnace high carbon 
steel. The pouring temperature of this steel as it entered the ingot 
mold from the ladle usually did not vary more than 50 degrees Fahr. 
from heat to heat. The pouring temperature obtained was 2750- 
2800 degrees Fahr. (which is about 50-100 degrees Fahr. above the 
liquidus and 350-400 degrees Fahr. above the solidus for this analysis 


A paper presented before the Fifteenth Annual Convention of the society 
held in Detroit, October 2 to 6, 1933. The author is a member of the society 
and is open-hearth metallurgist with the Republic Steel Corporation, Buffalo 
Plant. Manuscript received February 3, 1933. 
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194 TRANSACTIONS OF THE A. S. M. 


of steel). The temperature of the molds when poured varied from 
50-300 degrees Fahr. This variation in mold temperature, con 
sidering the temperature of the liquid steel, should have little infly 
ence on the rate of solidification. Thus, by using only one com- 
position of steel of uniform pouring temperature, the effects of th 
last three factors mentioned above were kept at a minimum and th 


influence on solidification of the mold itself could be more accy- 
rately studied. 






TYPE AND SIZE OF THE MoLps CONSIDERED 


The molds considered were all “big-end up” molds of tl 
Gathmann type. They had various shapes of cross section and all 
were used with a hot top. The molds on which data were obtained 
had the following approximate inside dimensions. 





13 by 13 by 65 inches long 

17 by 17 by 60.5 inches long 

short 14 by 20 by 47.5 inches long 

long 14 by 20 by 55 inches long 
short thin-walled 20 inches diameter by 55. 
long heavy-walled 20 inches diameter by 46. 


inches long] 


inches long § fluted 


wun 


















The 14 by 20-inch molds did not have a true rectangular inside 
cross section but were slightly fluted as shown in Fig. 9. The 20- 
inch fluted molds had twelve flutes as shown in Fig. 9. Figs. 3 to 8 
are sketches showing the setup of each mold and its hot top; they 
also give sketches of the cold ingots with the approximate shape of 
their pipe cavities. The dimensions given are averages of measure- 
ments made on a number of molds and of cold ingots; they are not 
blueprint dimensions. Figs. 3 to 8 also show the relative depth of 
solidification at 10 minute intervals after pouring as calculated from 
data obtained (from Fig. 1). 


PROCEDURE IN OBTAINING DATA 


The long ingot butts or the short ingots with the hot top only 
partially filled, which are sometimes obtained at the finish of pour- 
ing of heats, were used in obtaining data on solidification. These 
long butts or short ingots (there is only one to each heat of course) 
are not rolled so that no ingots suitable for production were used in 
carrying out this work. Whenever a long butt over 35 inches long or a 
short ingot was obtained at the end of a heat, it was covered well with 
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iw as soon as poured to prevent excess chilling at the top; they 
re then tipped over at various lengths of times after pouring. 
partially solidified butts or short ingots were placed on an ele 
tion and tipped over rapidly so that the ingot lay at an angle of 
ut 70 degrees and so that the liquid steel remaining could drain 
it readily. On ingots which had stood for twenty minutes or 
ore, 1t was necessary to puncture the crust solidified over the top 
vith an iron rod before tipping the ingot. Ingots could not be held 
s long as desired because in time this top crust became so thick it 
ould not be punctured and the liquid steel could not drain out when 
the ingot was tipped. When ingots were to be held longer than 
twenty minutes usually only those were used in which the hot top 
was partially filled. The ingots were allowed to cool in the molds 
after tipping so as to be soft enough for machining if desired. After 
cooling the ingots were notched by burning with an acetylene torch 
and were then fractured transversely in one or two places. After 
fracturing, the depth or thickness solidified transversely in from the 
mold wall and the height solidified longitudinally up from the plug, 
were measured. The cavity from which the liquid steel had been 
drained was always centrally located. However, on ingots held over 
ten minutes, one side of the solidified portion, viz., the one under- 
neath when draining out the liquid steel, was usually slightly thicker 
than the others. This thicker side was never considered when mak- 
ing measurements of the thickness solidified. 

Below are the times from pouring to tipping ingots on each size 
of mold used. 
13 by 13 inches—5™%, 10, 16 and 24 minutes 
17 by 17 inches—4, 11%, 25 and 36 minutes 
short 14 by 20 inches—22 and 32% minutes 
long 14 by 20 inches—10, 20 and 30 minutes 


short 20-inch fluted—10, 22, 32%, 37%, 41 and 51 minutes 
long 20-inch fluted—234, 10, 15, 19, 27 and 43 minutes 





APPEARANCE OF PARTIALLY SOLIDIFIED INGOTS 










Figs. 10 to 15 are sketches of the center plane of most of the 
partially solidified ingots. Although the ingots were not fractured 
longitudinally, the appearance and dimensions of the cavity and of 
the solidified portion of each ingot could be obtained from the trans- 
4 versely fractured sections. The sketches give the shape, dimensions, 

ind appearance of the solidified portion from which the liquid steel 
was drained. 











































































































































TRANSACTIONS OF THE A. S. M. M 
On ingots tipped only 5 to 10 minutes after pouring, the 
section of the cavity was very symmetrical to that of the inside of 
the mold; the longitudinal face of the cavity was also very regu 

In this respect note on the first ingots of Figs. 10, 11, and 13 how 
symmetrical the shape of cavity is to that of the inside of the mold. 
Square ingots held ten to twenty minutes showed square cavities 
with rounded corners but when held over 20 minutes they showed 
circular cavities. The rectangular ingots held for 20 minutes or 
more had cavities which were oval or elliptic in cross section. The 
fluted ingots, of course, had circular cavities. 

The depth of transverse solidification was usually 5-4 inch 
greater near the bottom of the ingot than near the top but it must 
be remembered that the bottom had one or two minutes longer to 
solidify than the top due to the length of time necessary to pour the 
ingot. The measurement used in making calculations was the depth 
solidified near the top of the ingot. 

On ingots tipped 20 minutes or more after pouring, a layer of 
“mushy” or very porous steel was found on the inside walls of the 
solidified portion ; and the thickness of this ““mushy” layer increased 
as the time after pouring increased. This “mushy” layer had a very 
dendritic structure. The presence of the “mushy” layer indicates 
that the solidification was slowing up as the time after pouring in- 
creased so that an appreciable amount of the cross section was 
passing through the transition from liquid to solid and was disturbed 
enough on moving and tipping to show up later as a very porous 
dendritic layer. This certainly suggests how jarring or moving in- 
gots before they are completely solidified can result in internal de- 
fects or porous centers. The presence of this mushy layer also sug- 
gests that a rapid rate of solidification should tend to prevent 
porosity in ingots. 

This high carbon steel has a range of about 300 degrees Fahr. 
from liquidus to solidus (from about 2700 to 2400 degrees Fahr.) 
so probably shows up this “mushy” zone much more than the lower 
carbon steels in which the difference from liquidus to solidus is only 
about 100 degrees Fahr. as on 0.10-0.30 per cent carbon steels. 


THE SOLIDIFICATION CURVES AND TABLES 


Fig. 1 gives the transverse solidification curves. Here the 
depth or thickness solidified in from the mold wall (as measured on 
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Fig. 1—Curves Showing Rate of Transverse Solidification. 


the fractured test ingots) has been plotted against the time from 


pouring to tipping of the ingot. The time for complete solidification 


of an ingot was obtained when its curve showed that the depth 
solidified in from the mold wall was equal to one-half of the cross 
sectional width of the ingot. The 14 by 20 inch ingots have differ- 
ent rates of transverse solidification for their two cross sectional 
dimensions ; solidification proceeds more rapidly across the longer 
width as shown in Fig. 1. The curves for solidification across the 
narrow width and across the longer width show a difference of 6 to 
8 minutes in the calculated time for complete solidification of the 
14 by 20 inch ingots; the average of the two results was used for all 
further calculations. 

As was expected the transverse solidification curves “flattened” 
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Fig Curves Showing Rate of Longitudinal Solidification. 
out as time proceeded, indicating that the rate of solidification de- 
creases as the time after pouring increases. Note that the trans- 
verse solidification on all the ingots considered was much the same 
for the first fifteen minutes. 


2 gives the longitudinal solidification curves. Here the 


Fig, 
height of solid steel from the bottom of the ingot up to the cavity 
as measured on the test ingots, has been plotted against the time 
from pouring to tipping of the ingot. (The time for complete 
solidification was taken from the results obtained on the transverse 
solidification curves of Fig. 1.) 

Table II shows the depth or thickness solidified both trans- 
versely and longitudinally in 10-minute intervals as taken from the 
curves of Figs. 1 and 2. In the sketches of the cold ingots, Figs. 3 
to 8, the relative positions of the solidified portion after each 10- 
minute interval after pouring are shown by dotted lines. 

Table III gives the data taken from the test ingots which was 
used in plotting the curves of Figs. 1 and 2. 
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Table I 
Data of Molds and Ingots 





Comparative 







short long 
13x13 17x17 14x20 14x20 20” fluted 0” fluted 
ss section of cold 12% sq. 163¢ sq. 1274x19% 113x194 19%” D 19” D 





t at hot top jun 
n, inches 



















neth of cold ingot 
from plug to hot top, 






inches 





iverage area of cold 
ingot below hot top, 
square feet 








volume of steel in cold #5 8.07 5.40 6.23 7.30 8.09 
got, cubic feet 












weight of ingot at 485 
pounds per cubic feet, 
pounds 


















per cent ingot weight 


in hot top 







+ 


taper in ingot, inches od .50 .90 <a .59 . 6 
er root 











t 












ingot length b 93.02.0 13.62.4» 






width a 2.5¢ 3.0¢ 


ingot 








average’ thickness of 
mold wall, inches 















iverage area of mold Ls23 2.20 3.25 ; 327 o.37 3.50 
wall, square feet 
avg. area mold wall j 

— - - L777 ca oiee 2.29 cae 1.96 
avg. area ingot c 
volume of iron in 10.97 13.40 14.87 17.20 11.60 19.21 






mold, cubic feet 










weight of mold at 450 49 3( 6030 6690 7730 5220 8640 
pounds per cubic foot, 
pounds 





mold weight m 







-— out 1.5 2.2 2.6 5 3.2 
ingot weight e 
average area inside 1.07 1.2 i toe 2.04 1.89 
mold below hot top, 
square teet 
p volume of liquid steel 5.48 9.27 6.27 7 oko 8.39 on 





inside mold and_ hot 

top, cubic feet 
; q weight of liquid steel 420 421 418 424 422 4206 
{ inside mold and_ hot 

top, pounds per cu. ft. 











t percentage shrinkage in 13.3 13.0 13.9 12.6 13.0 12.2 
volume during solidi- 
fication and cooling 

S time for complete sol- 
idification (calc.), min- 34 65 49 48 78 62 
utes 

t comparative rate of 928 oe 
solidification as ex- 1.09 1.02 1.37% 1.39» 1.09 bean 
pressed by value of K 1.15* 1.16°¢ 





in formula D=K.T% 
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Table II 





Rate of Solidification (From Curves of Figs. 1 and 2) 


Ingot Size 


13x13 
17x17 


short 14x20 


long 14x20 


short 20 fl. 
long 20 fi. 
13x13 
17x17 
short 14x20 
long 14x20 
short 20 fl. 
long 20 fl. 


13x13 

17x17 
short 14x20 
long 14x20 


short 20 fl. 
long 20 fl. 


Ingot 


13x13 


17x17 


Short 14x20 


Long 14x20 


Short 
20” fluted 


Long 
20” fluted 


test ingot obtained 
plotting solidification curves. 


Id 
1.01 
98 
.87 
93 
.98 
.87 
we 
95 


1.01 


Time after Pouring (minutes) 


10 20 30 40 50 60 40 tion. In 
Ss @ias 3S eae nce akg 6.37 in 34 
290 €2.56 5.59 650 7:28 7.94. .... 8.19 in 6 
3.37 4.62 5.37 5.94 (across narrow width) 6.44 in’ 49 
3.19 5.12 6.94 8.53 (across long width) 9.62 in 49 ; 
3.28 4.87 6.16 7.24 average 8.03 in 49 
3.37 4.62 5.50 6.12 (across narrow width) 6.50 in 48 
3.19 4.87 6.50 8.25 (across narrow width) 9.62 in 48 
3.28 4.75 6.00 7.19 average 8.06 in 48 
3.31 4.94 6.12 6.97 7.66 8.41 9.09 9.62 in 78 
3.37 5.25 6.62 7.69 8.56 9.34 9.50 in 62 ; 
4 9 26% “= 5414 in 34 n 
i 7 10% 174 27% 43% 54 In O35 n 
} 14 25 33 39 in 49 mir 
4 ll 19 33 eeeat “ear 46% in 48 mir 
5 714 SY 12% 21 2914 36 40 in 78 mit 
5 7% 12 22 34 46 48% in 62 mir 
1.08 1.09 1.09 ne ilante ea 1.09 
1.01 1.02 1.02 1.03 1.03 1.02 1.02 
1.07 1.03 98 .94 (across narrow width) 92 
1.01 1.15 1.27 1.35 (across long width) hoe 
1.04 «1.09 L112 S35 average sao 
1.07 1.03 1.00 .97 (across narrow width) .94 
1.01 1.09 1.19 1.30 (across long width) 1.39 
1.04 1.06 1.10 1.14 average 1.16 
L@s 4.33 112 i300 41.606 1.09 1.09 1.09 
BG? 6U.37 3:22 Sa 6 3 oma 


Table Ill 


Data From Test Ingots 
Depth Solidified 
in from Mold Wall, 


Inches 


Time Pouring 
to Tipping, 
Minutes 


2” 243 

10 343 

16 4 x5 
24 5% 

4 2as 

1134 3 fs 
25 Say 

36 6+: 

narrow width long width 

10 * 
22 443 5Y4 
32% 5Y4 7% 
10 3% 3+, 
20 4% 4% 
30 5% 6% 
10 35 
22 5 ¥6 

324 6 

374 6% 

41 71s 

Sl 7% 

2% 1 ys 

I 

: ‘s 

19 4% 
27 6% 
43 748 


here; used same values as for long 14 by 20-inch ingot in 
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INGOT MOLDS 
MEASURING TRANSVERSE SOLIDIFICATION 


Observation of the curves of Fig. 1 has shown that solidifica- 
slows up as the time after pouring increases. <A. L. Feild! has 
onstrated mathematically that the depth of thickness solidified 
from the mold wall is directly proportional to the square root of 
time elapsing after pouring. The relation between depth solidi- 


| and time may be expressed by the following equation: 


D=K.TY% 
where D = depth of solidification in from the mold wall 

(expressed in inches in this article). 

T = time elapsing after pouring 
(expressed in minutes in this article). 

K =a constant which depends on the type and size of mold, 
temperature of steel above its melting point, an- 
alysis of the steel, etc. 


This constant K—if the formula holds true for practical appli- 
cation—is really a measure of the effect of the various molds on the 
rate of transverse solidification when the other factors affecting 
solidification are kept uniform (as they were in this work). 

Table II shows the value of the constant K of the formula as 
calculated from the depth solidified and the corresponding elapsed 
time taken from the curves of Fig. 1. The formula gives low values 
of K for the first 5 to 10 minutes of the solidification period. After 
the first 10 minutes, however, the formula applies very well for the 
square and for the fluted ingots, giving very consistent values of K. 
The formula does not seem to apply so well on the rectangular in- 
gots. As the time of solidification increases on the rectangular in- 
gots, the calculated values of K across the narrow width decrease 
somewhat while the values of K across the longer width increase 
considerably (see Table Il). However, the value of K for the rec- 
tangular ingots calculated by averaging the depth solidified on both 
narrow and long widths are fairly uniform. 


When the ingots are arranged in order of their decreasing rate 
of solidification as expressed by the value of the constant K, they 
come as follows. 


‘A. L. Feild, “‘Solidification of Steel in Ingot Molds,’’ Transactions, American Society 
r Steel Treating, Vol. 11, 1927, p. 264. 
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of 79 O/ a 
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bh 2/59. ——-~1 me 39. 
founded Corners 4’ rounded 
O”77 outside of ofd Corners 
old, Hot Top and Cold Inzot. 
Value of K 
10 Minutes 30 Minutes 
After After Complete 
Pouring Pouring Solidification for t 
Oe eee SII I a i ne a i oe 1.07 1.21 1.21 5 
(Z}yieng 14 by 20 (avg. of 2 widths) ......ccseee 1.04 1.10 1.16* ‘4 to 1.2 
(3)short 14 by 20 (avg. of 2 widths)............ 1.04 1.32 Lie 4 
SE CEE: SE © a cdg core caw X ae aaa 1.05 3.52 1.09 : 
EE ERT EE. Thccecieeled oad sees sc wale nS athe ies 1.08 1.09 1.09 ; 
SOREe Ue BE -Sbcdece wise eu ciicesues Ruan. wet 1.01 1.02 1.02 : ina 
, te Ff perat 
*Values of K across narrow width are 0.94 and 0.92. Fy 
*Values of K across long width are 1.39 and 1.37. : the ] 
eg 
F on r 
In his article Mr. Feild has mathematically obtained a value of ature 
2.68 for Kk (equivalent to K—0.88, with depth in centimeters and 
time im seconds as used in his article) when assuming a mold wall Bis 
< ~ < 


of infinite thickness and with the liquid steel poured just at its melt- 


ing or freezing temperature. In this work, using molds of practical 
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design and with the liquid steel at practical pouring temperatures 


Se ras 


ING( Ms M¢ MLDS 


Mold and Hot Jop Cold Ingot 


~~ - 23% 34. — 


= lo 59 


sy’ 


2 fads 
ah Corners 
OFF s/73/(0C 
oF rnold 


~ £64,°29. —— I 4459 - 


rounded Corrars Sf founded 
on outside of mo/d CONC: 


Fig. 4—Sketch of 17x17 Inget Mold, Hot Top and Cold Ingot. 


for the analysis of the steel used, the values of K vary from 0.92 
to 1.21. 
As will be demonstrated later, the heaviness of mold wall has 


an appreciable effect on rate of solidification. The pouring tem- 


perature (by governing the amount of cooling necessary to bring 


the liquid steel down to the melting point) also has some influence 
on rate of solidification. However, the effect of pouring temper- 
ature will not be considered in this paper. 


Factors oF Motp DesicGN AFFECTING TRANSVERSE SOLIDIFICATION 


The factors of mold design causing different rates of transverse 
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(3) shape of cross section, square, round, etc., due to ratio of 
cooling surface to area for different shapes. 









lhe height of the ingot should have little or no effect on trans- 
verse solidification. 
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Fig Sketch ot Short 20-Inch Fluted Ingot Mold, Hot Top and Cold 















‘TRANSVERSE SOLIDIFICATION OF A SQUARE INGOT AND OF A 


RECTANGULAR INGOT OF THE SAME WodpTH 








It was rather surprising to find that the 14 by 20-inch ingots 
with an appreciably heavier mold should take so much longer for 
complete solidification than the 13 by 13-inch ingot since the width 
(considering the narrow width of the 14 by 20-inch ingot) is prac- 
tically the same in both cases. Let us compare the 13 by 13-inch and 
the long 14 by 20-inch ingots. 











Long 14 by 20 Inch 13 by 13 Inch 








One-half of width ......... 6.5 inch 6.37 inch 
Avg. area of ingot ......... 206 square inch 146 square inch 
Avg. mold wall thickness ... 7 inch 3.94 inch 
Avg. area mold wall a ids 
A + 6 oe 6.6 8 Sa? 1.77 
Avg. area ingot 
Time to solidify 6.37 in. .... 46 minutes 34 minutes 
Wee OF UG des cecntcieesss 0.94* 1.09 





*Across narrow dimension. 


Sela eae TA Es 


apr en: 


Bi A. 






Thi 
the 
soli 
SIZE 
ZU- 
has 


mu 


INGOT MOLDS 











ong 20-Inch Fluted Ingot Mold, 


Thus in these two ingots of the same width one way we find that 
the ingot from the heavier mold wall has taken 12 minutes longer to 
solidify to a depth of 6.37 inches. The only explanation is that the 
size or mass effect of the larger area of the 14 by 20-inch (the 14 by 
20-inch has 46 per cent greater inside area than the 13 by 13-inch) 
has caused slower solidification even with the advantage of having a 
much heavier mold wall. 


INFLUENCE OF HEAvy Motp WALL ON TRANSVERSE SOLIDIFICATION 


It is obvious that a heavy mold wall will give more rapid solidifi- 


cation on ingots with the same cross sectional shape and area. A 
more accurate way of stating this is that when the ratio of 
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avg. area of mold wall 


"yr 
ackil 


a is large the solidification is more rapid 
avg. area otf ingot 


when the ratio is small. 

Let us compare the two fluted molds of the same cross sectional 
shape and of nearly the same area but with considerably different 
thickness of mold wall. 


Long 20-Inch Fluted Short 20-Inch Fluted 

OO ae, Se eee 258 square inch 278 square inch 
Five: STOR MOI WEE ons cccccive 503 square inch 341 square inch 
Avg. area mold wall thickness ... 6.37 inch 4.56 inch 
Avg. area mold wall 

= $— .eeececccees 1.96 1.23 
Avg. area ingot ; ; 
Time to solidify 9.5 inches ...... 62 minutes 76 minutes 
i Se re rer reer ee 1.21 1.09 


Here we see that the ingot with the heavier mold wall, the long 20 
inch fluted, has solidified to a depth of 9.5 inches in 14 minutes less 
time than the ingot with the thinner mold wall. 


area mold wall 


On these two molds, the ratio of - is 59 per cent 


area ingot 
greater on the heavier walled mold than it is on the thinner walled 
196 — 12 
mold ( ~ ) = 59 per cent 
1.23 

Since the two molds are of the same shape and of nearly the same 
inside area, we can use this as a basis for approximating the effect 
of increase in mold wall in speeding up solidification. Based on the 
results here, we calculate that for these particular ingots every 10 
per cent increase in mold wall area will increase the value of the rate 
of solidification K by 0.0204 or 1.87 per cent 


59 per cent 1.21 1.09 0.0204 
———_—— - —— X = 0.0204 ———— = 1.87 per cent 
10 per cent X 1.09 





This means that a 100 per cent increase in mold wall area would 
increase the value of K by about 0.20 or 18.7 per cent. 

Let us now compare the two square ingots, the 13 by 13-inch and 
the 17 by 17-inch which also have quite dissimilar ratios of 
area of mold wall 


— and rates of solidification. 
area ot ingot 


area mold wall 
eseseesenscenencneeeebrvsieneea Value of K 
area ingot 


13 by 13-inch 1.77 1.09 
17 by 17-inch 1.34 1.02 


While these two molds are quite different in cross sectional 
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Fig. 9—Cross Section of Ingot Molds. 


area, a comparison will perhaps give us some information con- 





- cerning the influence of heaviness of mold wall on their rate 
ne Ne saith of, Z 5 L area mold wall ; ; 
10 of solidification. The ratio of - — is 32 per 
area ingot 
te cent greater on the 13 by 13-inch than it is on the 17 by 17-inch ingot 
177 — 134 
( - == 32 per cent ) Based on the results on these 
1.34 
molds, we calculate that every 10 per cent increase in mold wall area 
; will increase the rate of solidification K by 0.0219 or 2.15 per cent. 
d ¥ 32 per cent 1.09—1.02 0.0219 
, — ——_———— X = 0.0219 ~—— 2.15 per cent 
: 10 per cent X 1.02 
( 


A comparison of the curves of the heavy-walled long 20-inch 
fluted and the thinner-walled short 20-inch fluted shows that the 
actual transverse depth solidified (and height solidified also) is much 
the same during the first 20 minutes. This indicates that the early 
cooling effect of a thin-walled mold is practically as great as that 
of a heavier mold and that the effects of a heavy mold wall in speed- 
ing up solidification are most marked near the end of solidification 


and not near the beginning. 
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Since heavy-walled molds do not speed up solidification appre- 
ciably during the fore part of the solidification period, they obviously 
do not affect the solidification of ingots of small cross section such 
as 13 by 13-inch nearly as much as they do that of larger ingots 
such as 20-inch fluted, 20 by 20, or 30 by 30. (The 13 by 13 
solidifies in about 34 minutes while the other sizes would take 1-4 
hours to solidify.) It seems therefore that large ingots should 
usually be poured in molds having a relatively heavy mold wall to 
aid in speeding up solidification and decreasing segregation and 


porosity. 
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Tipped in 4émin 


The heaviness of mold wall has some influence on strains pro- 
duced in the ingot when cooling in the mold during solidification 
(especially on air-hardening steels poured in fairly small molds). 
Oiten a relatively thin-walled mold is desired for these grades of 
steel to keep cooling cracks at a minimum. In this respect, the effect 
of heaviness of mold wall on cooling strains is a much more im- 
portant factor in choosing the proper mold than the effect of mold 
wall on rate of solidification. 





TRANSACTIONS OF THE A. S. M. 


Tipped in 22min. Tipped in F2%e2 min. 





Fig. 12—Sketches of Short 14x20-Inch Ingots Tipped at Various Stages of Cooling 


TRANSVERSE SOLIDIFICATION IN ROUND, SQUARE, AND RECTANGULAR 
INGOTS OF THE SAME INGOT AREA 


The cross sectional shape has an influence on solidification. Let 
us consider a round, a fluted, a square and a rectangular mold of any 


; ‘ - area mold wall a . 
given area and ratio of Let us assume ingots ot 


area ingot 
300 square inches in area and with their ratio of —“* Ss 
area ingot 

equal to 2.00. The narrow widths assumed for the rectangular ingots 
will be 14 and 12 inches. The diameters of the round and fluted 
ingots and the width of the square ingots are of course fixed for 
any given area, being 19.55 inches in diameter for round, 19.3 inches 
shorter diameter for fluted, and 17.40 inches wide for square ingots 
(with 2-inch radius at corners). 

We found that every 10 per cent increase in mold wall area 
would increase the value of the rate of solidification K by about 2.0 
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cent. We will use this figure to find the value of K on the 


rious ingots if they had had a1 


1 


area mold wall 


area ingot 


lated values of K are given in the following tabulation. 


got Based On 
ind long 20-inch fluted 
ind short 20-inch fluted 
ted long 20-inch fluted 
d short 20-inch fluted 
are 13 by 13 
re 17 by 17 
tangular long 14 by 20 
ctangular short 14 by 20 
ectangular long 14 by 20 
ectangular short 14 by 20 


Using the average values of K for each shape of cross sections 


_ 


tO doe 


A rea Mold Wall 
Area Ingot 


96 + .04 2.00 
23 + .77 = 2. 
747 + .23 2. 
34 — .0O8 = «4 
a caecaea 29g ? 
25 — .25 2 


OU 


00 
OU 
OO 
.09 


] 
] 


C 


21 
.09 


.09 
.02 


94 


Q? 


ale. Value of K 


100.4% 
113.2% 


102.6% 

109.8% = 
97.5% 
97.8% 


2.00. The cal- 


, 


we find the time of complete solidification for these various shaped 
ingots all of 300 square inch area at the hot top to be as follows: 





19.55 
Round ingot - = 1.22-T% 64 minutes 
) 
19.30 
Fluted ingot 1.22-T} 63 minutes 
> 
17.40 
Square ingot i 112-T% 60 minutes 
> 
14 
AR : 14 by 21.5 — = 0.91-T% 59 minutes 
FE ? 
12 
12 by 25.0 — = 0.91-TY% 44 minutes 
et 2 
ly : ' ; ; 
Here we see that for an ingot of any given area and with a given 
; 5 Ys 5 
it area mold wall 
that 
area ingot 
, ; (1) The rectangular ingot solidifies more rapidly than the 
» } . . . . 
square ingot especially as the rectangular ingot is 
"( Y 
narrowed, 
Ir : — ‘ 
(2) That the square ingot solidifies somewhat faster than the 
“ round or fluted ingot very probably because the 
square ingot has a greater cooling surface per unit 
area than the round or fluted. 
‘a 


shape of cross section also has some influence on strains 
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Tipped in 30min 


Tipped in 20 min. 






Tipped in 10 min. 


produced in the ingot when cooling in the mold during solidifica- cde 
tion (this is especially true with air-hardening steels). This in- th 


fluence of cross sectional shape is a much more important factor of 
mold design than its effect on rate of solidification but will not be 
considered further in this article. 
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Factors AFFECTING LONGITUDINAL SOLIDIFICATION 





The rate of longitudinal solidification from plug to hot top 
depends on the following factors of mold design given in order of 
their probable importance. 


(1) 


(2) Heaviness of mold wall 





Size of ingot—based on width of shortest cross section 
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(3) Amount of taper 


ingot length 


(4) Height of ingot or ratio of ——2——— — 


ingot width 


Obviously longitudinal solidification depends chiefly on trans- 
verse solidification, so such factors as ingot size and heaviness of 


mold wall will have 


a marked influence on longitudinal solidifica- 





tion 1s 
cially « 
long 2¢ 
longitu 
inch a 
curves 
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middle 
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It is also obvious that a “big-end up” ingot with a large 






nt of taper will have a slower rate of longitudinal solidification 


Ail 


: | the same size ingot with only a small amount of taper. Obser- 





n of the curves of Fig. 2 also indicates that the shorter ingots 






a different rate of longitudinal solidification than the longer 






Errect OF INGoT HEIGHT ON RATE OF LONGITUDINAL 
SOLIDIFICATION 







It is interesting to note the shape of the longitudinal solidifica- 





n curves (see Fig. 2). The two longest ingots, viz., 13 by 13 and 






17 by 17 inch, have a regular curve in which longitudinal solidifica- 





tion is proceeding very rapidly towards the end of solidification, espe- 





cially on the 13 by 13-inch ingot. The long 14 by 20-inch and the 





long 20-inch fluted ingots (next in height) do not have quite as rapid 





longitudinal solidification as the longer ingots. The short 14 by 20- 





inch and short 20-inch fluted (the shortest ingots) have irregular 





curves in which the longitudinal solidification is slowing up towards 





the end of solidification after having been more rapid through the 





middle of the solidification period; this is especially true of the short 





20-inch fluted. 
3elow is a comparison of heights and amount of taper in the 






ingots, listed in order of decreasing rate of longitudinal solidification. 










Taper Ingot Length 
Ingot Inches Per Foot Height Ingot Width 
13 by 13 0.37 5414.” 4.3 
17 by 17 0.50 54 3.3 
Long 14 by 20 0.71 46% 3.0* 
Long 20-inch fluted 0.66 484 2.6 
Short 14 by 20 0.90 40 2.5% 
Short 20-inch fluted 0).59 39 2.1 






*Average width used in obtaining this value. 







Obviously an ingot with small cross section such as 13 by 13-inch 
or smaller cannot have as slow longitudinal solidification as larger 





ingots. However a comparison of the two 14 by 20-inch ingots 






and the two 20-inch fluted ingots indicates definitely that short ingots 





, . ingot length 
or we should say ingots with small- ratio of ——--——= 





ingot width 





give a slower rate of longitudinal solidification especially near 






the end of the solidification period. This “slowing-up” of longitudi- 
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nal solidification should be advantageous in preventing “bt 
or secondary-pipe formation from taking place through the cente 


plane of the ingot. 





SHRINKAGE ON SOLIDIFICATION AND COOLING 





per cent of the volume of the liquid steel inside the mold plus hot 


top. Thus the per cent of the total shrinkage during: solidificatio 












and cooling to ordinary temperature is 12.2 to 13.9 per cent (averay: 
13.0 per cent). 

When the ingot becomes completely solidified, the center of 
the ingot has a temperature of approximately 2400 degrees Fah; 
(the solidus for steel containing 1.00 per cent carbon) while th 
surface of the ingot has a temperature of about 1800 degrees Fahy 


\ssuming an average temperature of 2100 degrees Fahr. in the ingot 











we find that the shrinkage or cubical contraction taking place afte: 
complete solidification followed by cooling to ordinary temperatures 
is about 3.8 per cent of the volume. 





O.OO000T85 ¢2100——70) 0.038 





Chis means that the shrinkage taking place from the time of pouring 


to the time of complete solidification is about 9.2 per cent (13.0-3.8) 
| 







per cent shrinkage in volume occurring on the transition from th 
liquid to the solid state as the whole body of the ingot is gradually 
contracting as solidification occurs. The pipe cavity itself represented 
only about 1-1! 












per cent shrinkage in volume. 

It is of course desirable to have the pipe cavity located well 
above the junction of mold and hot top. 
ot the hot top should be at least 12 per cent of the total volume 


It is often desirable to know the weight of liquid steel per cubic 
to give the correct ingot weight. 
being 422 pounds per cubic foot). 


SUMMARY 


It is interesting to note how symmetrical the walls of the cavity 


he caleulated volumes of the cold ingots vary from &6.1 t R78 


and a coethicient of cubical expansion in the solid state of O.OOOOL8S. 


The pipe cavity of course does not represent nearly all this 9.2 


l‘or this reason the volume 


toot so as to calculate the volume inside the mold plus its hot top 
The results obtained here were 
trom 418 to 426 pounds per cubic foot for liquid steel (the average 
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ingots tipped over only 5 to 10 minutes after pouring and 






ll 


closely the cross section ot the solidified portion contorms to 





of the inside of the mold. When ingots are tipped more than 





ty minutes after pouring, the cavity in the square ingots be 





- circular in cross section and that in rectangular ingots becomes 





or elliptic. The depth solidified in from the mold wall is usually 





























: , more than 1 inch heavier at the base of the cavity than it is near 
SS hot top junction. 
. Chere is a layer of “mushy” or very porous steel adhering to 
_ he walls of the cavity of ingots tipped more than twenty minutes 
ter pouring; and the thickness of the “mushy” layer increases 
_ the time after pouring increases. ‘The presence of this “mushy” 
= ayer is due to the slow transition from the liquid to the solid state 
. and very probably is related to the porosity found in ingots. Quite 
i probably then those factors which promote rapid solidification will 
tend to decrease porosity in ingots. The presence of this “mushy” 
layer also suggests how jarring or moving ingots before they are 
oi completely solidified can cause porous zones or holes in an ingot. 
The formula which states that the depth solidified transversely 
(in from mold wall) is directly proportional to the square root of the 
time lapsing after pouring is found to apply quite well to square 
and to round ingots. ‘The formula D IK.’ or depth solidified 
os constant times square root of elapsed time gives a practical means 
5) of measuring the rate of transverse solidification and of calculating 
Ju the time necessary for complete solidification. The value of the 
th constant in the formula is really a measure of the rate of solidifica 
uly tion and will vary for different ingots. 
te The chief factors of mold design influencing transverse solidifi 
cation are: 
el] 
ne (1) Size of cross section 
le : , . area mold wall 
a (2) Heaviness of mold wall or ratio of ot 
area ingot 
OP (3) Shape of cross section 
re 
ge Ingots of small cross section obviously will complete their solidi- 
fication before larger ones but their rate of transverse solidification 
is not necessarily greater than it is on the larger ingots. 
Ingots from heavy-walled molds naturally will solidify more 
ty rapidly than those from thin-walled molds. For an ingot of any 
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given shape and area, we find that each 10 per cent increase in molq 
wall area will increase the rate of transverse solidification by aboyt 


lirst 


2 per cent. However the initial cooling effect over about th 
fifteen minutes of solidification is much the same for all molds oj 


commercial size. The effect of heavy-walled molds in speeding up 






solidification is more apparent near the end of solidification and op 


large ingots which take a long time to solidify. A mold wall whose 










area is about 1.5-2.0 times that of the ingot area seems desirable 
except on those analyses where cooling cracks may develop while 
the ingot is still in the mold. 

For any given area of ingot and area of mold wall, the rec- 
tangular ingot will solidify more rapidly than the square ingot, espe- 
cially as the rectangular ingot is narrowed, and the square ingot will 
solidify slightly sooner than the round or fluted ingot. 

The rate of longitudinal solidification is affected chiefly by size 
of cross section of the ingot and also by the amount of taper. The 
height of the ingot also influences the longitudinal solidification, On 
short ingots—or more properly on those where the ratio of 


ingot length 









is low—the longitudinal solidification is slowing up 
ingot width 


considerably near the end of solidification. Rapid longitudinal solidi- 
fication is desirable at the base of the ingot but rapid solidification 
near the top of an ingot may cause “bridging” or formation of sec- 
ondary pipe or small cavities. The use of short ingots and the proper 
amount of taper by aiding in slowing up longitudinal solidification 
near the top of the ingot should aid in producing sound ingots. The 
writer suggests that the ingot length should be 2 to 2.8 times the 
ingot width and the taper at least 0.5 inch per foot of length. 

The shrinkage of this type of steel on solidification and cool- 
ing from pouring temperature to ordinary temperature is about 
13 per cent by volume. We find the liquid steel to weigh about 
422 pounds per cubic foot (equivalent to a density of 6.77). 


















DISCUSSION 


Written Discussion: By A. L. Feild, president, Alloy Research Corp., 
Baltimore. 

[ have read with much interest this paper by my former associate, Mr. 
Nelson, and I have been particularly pleased by the fact that his experimental 
work seems to corroborate the general correctness of the theoretical treatment 
of the problem which I undertook in 1926. An exact agreement between the 
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‘ted value for the constant K and the values experimentally obtained by 
Nelson would not be expected in view of the assumptions regarding the 
tude of certain physical constants which I was forced to make. Never- 
; the fact that the constant K obtained by Mr. Nelson and shown in 
II holds closely to a constant value over a wide range of time intervals 

- that the parabolic equation is substantially correct. 
[t would seem that the author has made a slight arithmetical error in 
verting my own calculated value of 0.88 for the constant K (metric units) 

. the English units. The converted value is given on page 202 as 2.68, whereas 

hould be 2.23. Mr. Nelson’s observed value for K varies from 0.87 to 1.35 

most of the values are very close to unity. This divergence from the cal- 

lated value is not as great as might appear to be the case. It was assumed 

my former calculations that the thermal conductivity of solid iron at its 

lting point was equal to 0.05 calories. The uncertainty regarding the value 

this constant is great enough to account for the difference between the cal- 
culated value for K and the experimentally determined value. However, the 
divergence between the two values cannot be ascribed solely to this particular 
uncertainty regarding thermal conductivity because, as Mr. Nelson has ex- 
plained in his paper, the effect of degree of superheat above the melting point 
was not considered in the experiments. The effect of superheat would be to 
decrease a rate of solidification as well as the value of the constant K. It is 
hoped that Mr. Nelson will be able to continue his work and extend it to include 
observations on pouring temperatures. The data presented in the paper are of 
importance not only to steel manufacturers but also to designers and manufac- 
turers of ingot molds. 

Written Discussion: By Emil Gathmann, president, Gathmann Engi- 
neering Co., Baltimore. 

The tests Mr. Nelson describes confirm theories we have advanced for some 
vears and which were proven to our satisfaction in laboratory tests made with 
specially designed big-end-up and big-end-down molds. These molds were 
so constructed as to allow of observation of the solidification process from teem- 
ing to complete solidification. The photographs below show the vertical, glass 
faces of the molds and the condition of the wax ingots at four intervals. The 
molds were of the same volume and the ingots were cast simultaneously. 

It will be seen that these photographs show solidification substantially in 
accord with the tests Mr. Nelson describes of relatively short ingots. 

We have found that increasing the thickness of mold walls influences pri- 
marily the thickness of the secondary skin of the ingot rather than the cooling 
and solidification of the interior mass. The thickness of the mold walls has 
little or no effect on the cooling of the interior mass of large ingots, because 
soon after the initial chill skin of the ingot forms, an air gap forms between 
the mold and ingot. The rate of cooling immediately decreases and solidification 
proceeds not by conduction of heat from ingot to mold but by the slower 
mechanism of convection. 


lhe transverse solidification curves prepared by Mr. Nelson show a higher 


ime index for complete solidification of ingots than has generally been thought 
cessary. For instance, we have removed hot top brick from 14 by 16-inch 
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ingots in about 8 minutes, whereas the curve shows about 35 minut 
necessary for a 13 by 13-inch ingot and 50 minutes for a 14 by 20-in 
If Mr. Nelson’s curves are accurate, it would seem that we have been 




















ing hot top brick from ingots too early and possibly unnecessarily dec 5 Wri 
the yields of sound blooms. It is believed that further tests to detern t] 
rate of both transverse and longitudinal solidification should be made. ‘i. 
it is of the utmost importance to know just when the ingot is complete], 
do 
Phe 
adv 
work 0! 
iti 
rapid I 
ly 
suriace 
Photograph Showing Vertical Glass Faces of Molds and the aise 
Condition of the Wax Ingots at Four Intervals. al 
dified. If an ingot is left in the mold after complete solidification, the soaking the 
pit time is unnecessarily lengthened, and yet it must not be removed too soon a nil 
or it will have a cokey center and lower yield of sound blooms. : ee 
We, also, have found that rectangular ingots solidify more rapidly than the au 
square ingots and square ingots more rapidly than round ones. <A suitably cor iit 
rugated rectangular ingot solidifies more rapidly than any other type due to the nied 
greater area contacting the mold walls and also to the closer contact which is ee 
maintained between the mold and ingot at the primary faces of the ingot _— 
throughout the entire period of solidification. é C 
In determining the proper height of an ingot, the primary considerations an a 
are the weight of the ingot to be produced and its minimum cross sectional “ with 
dimension or width. The ratio of length to width should decrease as the weight E in he 
increases. In small ingots of 5 to 10 inches in cross section, a length of 4 to 1 E — 
or even 6 to 1 is not excessive, while in a 36 x 40-inch section, the tapered wie 
; length should not exceed twice the width or minimum cross section of the ingot = 
The degree of taper per foot advocated by Mr. Nelson is substantially in 
accord with what we advocate for medium size ingot cross sections. As th he 9; 
weight and cross section of ingot are increased, however, the amount of taper 7 


should be increased. We have an empirical rule that the upper end of an 
ingot, the length of which is approximately 2.5 times the minimum cross sec- 
tion, should be at least 15 per cent greater in area than the lower portion of the 
tapered ingot body. 





rapid rate of solidification resulting 


+ 
{ 


+ 


the author will note the split cores from two 32-inch octagonal ingots. 
ingots were cast from the same ladle, one being rapidly cooled while the other 
cooled under normal conditions, the rapidly cooled ingot was homogeneously 
solid throughout its entire length while the normally cooled ingot had a spongy 
segregated center for the greater part of its length. 


wit 


+ 


ire stripped soon after solidification and buried in sand or charged into a hot 
turnace and slowly cooled neither surface nor deep seated cracks will occur 





ediately 
work of Badenauer of Essen,* is deserving of attention, in particular the experi 





1eVc 


rmining what is best in relative dimensions for their particular ingots 


be congratulated on the clearness and conciseness of his paper. 
H. H. Ashdown, metallurgist, Westinghouss 
East Pittsburgh. 


Written Discussion: 
and Manufacturing Co., 
author is to be congratulated on the great amount of work donc 

enaration of this paper and for his useful contribution to the extensive 

ilready given to this subject. 

statement, and implied by the dotted lines in a number of the illustra 
e author has indicated that the skin of the ingot first formed by contact of 
uid metal with the ingot mold is of uniform thickness. 
should show a quick taper from the middle length to the top of the mold 


section and is again influenced by the metal in the hot-top, all of which 
down the effect of chill and the rate of solidification. 
[he author in his work does not appear to have taken into consideration 


e adverse insulating effect of the air 


ents of tilting ingots during solidification, where one side shows the 
nation of the case as referred to above and the other side the effect of mor 


wo detrimental 


face of the ingot and secondly due to a shallow depth of chill the 
kin is weak and often ruptures during the forging or blooming operation. 
The author on page 196 refers to the “mushy” condition of a certain portio1 
the ingot which suggests to him that a rapid rate of solidification should tend 
prevent porosity in ingots. 


» writer’s paper on steel ingots presented at the Chicago convention, 1930, 


On page 211, the author refers to cooling cracks in ingots of the air-harden- 
steels, resulting from heavy wall molds. 
1 this class of steel in any type mold. 
high alloy content is the large caliber armor piercing shell ingot. 


\ny air-hardening steel should be similarly treated. 
This paper in its many aspects is deserving of careful attention and should 
given consideration with much of the work published on the heterogeneity 


steel ingots by the British Iron and Steel 


Badenauer, Stahl und Eisen, May, 


H. Ashdown, ‘Steel 
18, 1930, p. 129. 


DISCUSSION—INGOT MOLDS 







Mr. Nelson’s tests and curves will be most helpful to mold users 








It is our opinion 





the pour, the upper portion of the mold becomes much hotter, is cf 






gap formed between the ingot and mold 





after solidification begins to take place. connection 







from constant contact with the mold wa 





features of a thin wall ingot mold is the badly ri 







This assumption is quite correct and on reference 









These defects are apt to occur 






One of the most sensitive steels, « 











Institute. 
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Written Discusison: By H. L. Geiger, metallurgist, Internatio; H 
vester Co., South Chicago. 








The subject of holding times for ingots after pouring is a proble: 





concerns all makers of steel. 





It is always a question of how long 


an inont 


must be held in the mold before stripping to obtain the maximum effect 








the hot-tops to insure minimum amount of pipe. 





This time will vary 

















1 th 
type of steel in question and the type of mold, and in all cases will affect ingo; 
yields; and for this reason alone Mr. Nelson’s paper should be of value to stee| 
makers and particularly producers of high carbon steel. 

Another point of interest in Mr. Nelson's paper is his statement on page 
211, regarding the effect of mold thickness on rate of cooling and its influenc, 





on strains. 





This is a vital point with steel producers who make air-hardening 
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Fig. 1—Sketch of Ingot Section. 


steels. As pointed out by Mr. Nelson, a balance must be struck between a 


thick wall and a thin wall which will produce a medium between a minimum 







of cooling strains and a maximum of cooling rate to cut down excessive segre- 
gation and pipe. Center porosity of ingots, however, as stated by the author 
on page 196 of his paper, is due only in a small measure to a rapid rate of solidi- 
fication. 









Center porosity is due mainly to segregation and circulation of the 
molten and semi-molten metal in the freezing ingot. To further illustrate, an 
ingot similar to the one shown in Fig. 13 of Mr. Nelson’s paper may be used 
to show the mechanism of the freezing of an ingot and the resultant structure. 
[t will be noted that the author observed a layer of mushy steel which had de- 
posited at the bottom of the well of molten metal. The presence of these crys- 
tals is recorded by the author, but their significance is not mentioned. What 
is the relation of these mushy dendritic crystals found in the bottom of the 


several successive though narrowing layers to the solidified structure ? 
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DISCUSSION—INGOT MOLDS 


-yume that the ingot is poured full of molten dead metal. The first effect 
‘mmediate chilling producing a layer probably %-inch thick of small 
These are referred to as chill cry stals. After the effects of the sudden 
he cooling from the mold walls becomes effective and a layer of dendritic 

ic form in the first layer marked A. Fig. la. 
\s the major cooling effect of the mold chill is spent, the growth of the 
rites stops. At this stage of the freezing, none of the mushy crystals have 
ed. With the stopping of the dendrite growth, the remaining molten 
in the ingot starts to circulate. Motion is started in a downward direc- 
along the freezing walls. This motion is caused by the increased density 
he cooling molten metal in contact with the cooler frozen metal. In this 
dewnward motion the molten metal is cooled enough to permit single crystals 
to freeze out of the melt. From our eutectic diagram it is plain to see that 
these crystals will be purer than the remaining liquid. These crystals are in a 
constant state of deposition, forming successive layers of pure crystals at the 
bottom of the metal well in the order shown in Fig. la. The presence of these 
chill crystals deposited at the bottom aids in freezing the ingot much more 
rapidly in proportion from the bottom towards the top than from the sides 

inwardly. 

lhe steel maker should be thankful that nature provides this method of 
freezing; otherwise all of our ingots would show 40 to 60 per cent pipe and 
positive segregation from the top to the bottom of the ingot. Dilution of the 


increasing impurity of the decreasing amount of molten metal with these 


Bottom 


Fig. 2—Cross Section of Ingots (3). 


purer separated crystals tends to throw all serious positive segregation to the 
very top. Fig. lb gives an idea of the location of these separated crystals in 
relation to the successive layers of metal frozen in from the walls of the ingot. 
The line of contact forms an inverted V. 

Fig. 2 presents slices taken from the top, center, and bottom of billets 
rolled from an ingot of dead killed steel to illustrate the structure correspond- 


ing to the lines marked top, center and bottom of Fig. 1b. The top cut shows 


the sponginess characteristic of segregated carbon and other impurities while 


the center cut presents the area where the metal freezing in from the mold walls 
and the inverted V segregate join. The bottom cut shows the base of the 
inverted V area. 

\ssuming a ladle analysis of 0.30 per cent carbon, analysis wouid reveal 
the following distribution of carbon. 
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Location of Drilling on Cross-Section 








Center Surface 

Per Cent Per Cent 
Pan GE Bnget 3.60 c sss cnc eo 0.28 
Center of Im@ot ....cc<s 0.31 0.29 
Bottom of Ingot ......... 0.26 0.29 


Pouring temperature of the metal influences to a certain extent the 
of the ingot interior. 

The writer hopes that his addition to Mr. Nelson’s paper will act as a 
gestion to Mr. Nelson to tell us more of the crystal and segregate structur: 


his high carbon steel ingots. 
Author’s Closure 


It was quite surprising to find that these practical experiments gave such 
consistent values of K in the solidification formula which Mr. Feild had oh 
tained mathematically. I wonder if the formula will apply as well on very 
large ingots. I feel that two factors present in my work (1) a limited mold 
wall thickness, and (2) molten steel considerably above its melting point, read 
ily explain why these practical working values of K are so much lower than thi 
theoretical one. I was unable to find any mistake in converting Mr. Feild’s 
theoretical value of K from metric to English units. 

1 cannot agree with Mr. Gathmann’s statement that the thickness of th 
mold wall has no effect on the cooling of the interior of an ingot, as m 
findings indicate that it has had an effect on the ingot sizes studied. However 
it is possible that the moid wall thickness will not have much influence on th: 
solidification of large ingots such as 30 by 30-inch and over. 

I agree with Mr. Gathmann’s statement that ingots of small cross sectio: 
can stand a greater ratio of length to width than large ingots. However, I d 
not like the idea of a length over 4.5 times the width even on small ingots about 
7 inches square. 

In examining my fractured test ingots, I did not observe any appreciabk 
tapering in thickness of the solidified portion in the top one-third of the ingot 
as suggested by Mr. Ashdown. It was surprising, however, not to obtain a 
greater decrease in thickness at the top. 

The effect of the air gap, formed between mold and ingot shortly afte: 
solidification begins, was given no special consideration in this work. Of cours¢ 
the results obtained are a measure of the opposing influences of the insulating 
effect of the air gap and heat conducting effect of the cast iron mold. 

Mr. Geiger has given a very logical explanation for the presence of the 
segregation often found in the bottom half of ingots and for the etch patterns 
found at the top, center and bottom. Mr. Geiger’s photographs of macro-etch 
tests and his values for carbon segregation agree well with the writer’s general 
experience. However, no work was done on carbon segregation and on macro 
etch properties of the steel, when making this study of solidification phenomena 
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THE HEAT TREATMENT OF CAST IRON 














By Cart H. MorKEN 









Abstract 






Originally, a more extended use of cast tron was only 
rought about because of the low price and ease with 
which it conformed to pattern when cast. It is only im 
recent years that intensive study from a metallurgical 
standpoint of this metal has been considered worth whil 
md the improvements resulting from these researches hav 
fabricated a material worthy of the engineer's real con- 







sideration. 

This manuscript presents briefly those heat treatments 
which result in particularly high strength cast irons of un- 
usual ductility, shock resistance and fatigue strength, as 
well as some of the applications which these tmproved 
‘ocesses are bringing about. 








INTRODUCTION 





()* Y recently has cast iron been recognized in its true light as 


one of the most complex alloys used by man. Prior to this, 





because of its humble origin and homely methods of production, it 





has for generations been considered an inferior material and was 






held to be quite unsuitable where strength, ductility, and shock re 





sistance were necessary. It grew in use only because of its low cost 





ud the ease with which it could be cast to conform to pattern, but 





received scant technical consideration. 





for these reasons cast iron has occupied an obscure position 





luring a period of tremendous metallurgical development in other 





helds. During only the last few years, it has begun to receive atten- 





tion as an alloy capable of refinement and worthy of intensive study. 





[he electric melting furnace has awakened in the metallurgist a new 





interest in cast iron as an engineering material. As the metallurgist 


es ee 
ee 





Pe dias 


became able to produce better irons, the engineer began adopting them 





is materials worthy of his use. 





Having produced, with the aid of the electric melting furnace, 






ast iron which possessed more than four times the strength of the 











\ paper presented before the Fifteenth Annual Convention of the society 
eld in Detroit, October 2 to 6, 1933. The author, Carl H. Morken, is foundry 
ngineer, Detroit Electric Furnace Co., Detroit, Michigan. Manuscript received 
We 0). 1933 
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” 


conventional “old” cast iron, and in addition iron of greatly im 
shock-resistant properties, the metallurgist began investigating the 
inherent qualities of this remarkable alloy. 

Perhaps the tremendous strides made in the heat treatment 





‘ 
() 


steel during this same period directed attention to the possih 


ities 





of heat treating cast iron. Ordinary cast iron has been heat treated 








for years, in a simple manner, but because of the severely restricted 





range of compositions and properties obtainable from the cupola, 





the process of heat treatment gained little headway. Modern electric 


melting furnace practice has broadened the field of cast iron tre- 








mendously by various heat treatments and it has made possible an 





entirely new group of materials. During the last two years a num- 








ber of startling and revolutionary applications of heat treated cast 





iron have been made and others, still more startling, are in the 








process of development. It 1s the purpose of this paper to sum- 











marize, in a general way, the heat treatments of cast iron, and more 





specifically to discuss those treatments designed to produce irons of 





unusually high strength and ductility, shock resistance and fatigue 





strength as required. 










HEAT TREATMENT OF GRAY [RON 


In considering the heat treatments applicable to cast iron, one 


thinks first of ordinary gray iron. This is an iron of such composi 








tion that, as cast into a given section, it produces a gray fracture. 





The gray appearance is caused, of course, by free graphite, and the 





matrix may be composed of pearlite, pearlite and ferrite, or pearlite, 





ferrite and cementite, with other minor constituents present. The 
gray iron foundryman has learned that the ideal is an iron, similar 
to that illustrated by Fig. 1, in which the matrix is pearlite, and the 
graphite is of 











individually fine particles, uniformly distributed 
through the matrix. This iron contained 2.70 per cent total carbon, 
1.70 per cent silicon and had an unalloyed tensile strength of 52,210 
pounds per square inch. 

















His attempts to produce such iron are fre- 
quently frustrated by unforeseen or uncontrollable foundry condi- 
tions, and free ferrite results, to the detriment of hardness and wear 
resistance, or free cementite is obtained, much to the detriment of 
machinability. 



















In many instances, due to the design of castings, 
stresses are set up in the casting as the metal freezes. 








Since the ul- 
timate value of any casting is equal to the theoretical strength less 
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ernal stresses, it is desirable to remove those internal stresses 


d during freezing. 
AGING TREATMENT 


(he removal of internal stresses is accomplished by a simple 
treatment. The process is frequently referred to as ‘“normaliz- 


or “aging.” It consists of heating the castings to temperatures 

ring from 800 to 1100 degrees Fahr. (430 to 595 degrees Cent.), 
and maintaining this heat until temperature equilibrium is reached. 
\n ordinary treatment for relief of internal stresses consists of 
holding for four hours at 900 degrees Fahr. (480 degrees Cent.). 
When properly conducted, such treatment has no apparent effect 
upon the physical properties of the castings*(1). Because of the 
eraphitizing tendency of silicon, it 1s advisable to use low tempera- 
tures for relieving stresses in high silicon irons, and, per contra, 


higher temperatures are permissible for low silicon irons. 


ANNEALING GRAY [RON 


A second common heat treatment for gray cast iron is the an- 
neal, used when the castings, as removed from the mold, contain too 
much free cementite to machine readily. To rectify this condition, 
a heat treatment is used to break down the free cementite. Much has 
been written upon the subject which is not necessary to repeat here. 
The treatment consists mainly of heating above the critical temper- 
ature and cooling slowly to a temperature well below the critical 
temperature, followed by dumping the charge into the air for con- 
venience in handling. Annealing gray cast iron consists, in the 
main, of holding at a temperature ranging from 1400 to 1650 de- 
grees Fahr. (760 to 900 degrees Cent.) for a period of two to six 
hours and cooling in the furnace to black heat. This brief soak at a 
temperature above the critical temperature, serves to decompose the 
tree cementite without seriously affecting the eutectoid cementite. 
Slow cooling through the critical range facilitates this decomposition. 

Annealing, as above outlined, decreases the hardness and causes 
a reduction in the physical strength of the iron. The reductions in 


hardness and strength are variable, depending upon temperature, 


time, and the composition of the iron. While a great deal has been 


"The numerals appearing in parentheses pertain to the references appended to this 


paper 
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Pearlitic Gray Cast Iron Produced in Rocking Indirect Are Electric Furnac 
Si) 


Air Furnace Malleable Iron Made by Standard Long Cycle Anneal (140 hours 
Large Graphite Particles and Equally Large Average Grain Size. Etched . 10 
Fig. 3—White Iron Melted in Indirect Arc Rocking Electric Furnace. Note Relatively 

Large Proportion of Pearlite to Cementite and the Manner in Which the Free Cementite 

Has Been Broken Up and Distributed. No Primary Graphite is Present. Etched. 
Fig. 4—Same Iron as Fig. 3 but Annealed with 20-hour Cycle, Having Fine Graphite 


Nodules, Uniformly Distributed and Fine Grain Size. Note Absence of Pearlite. Etched 
x 100 
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ren regarding the effect of annealing upon the physical proper- 

f cast iron, it is impossible to specify a procedure for general 

Each case must be individually studied, and the correct bal- 

of time and temperature ascertained for a given iron composi- 

In any case, the ideal treatment is that in which the hardness 

decreased only enough to produce the desired machinability. Obvi- 
isly such treatment results in minimum loss of strength. 


HARDENING GRAY [RON 


\ third heat treatment for gray cast iron consists primarily of 
hardening. The hardening treatment, frequently called “martensitic 
quench,” may or may not be followed by a draw. The objects of 
the quenching treatment are to produce extreme hardness, to in- 
crease the hardness while retaining machinability, or to increase the 
strength of the iron. 

This treatment consists, mainly, of quenching the casting from 
above the critical temperature. One limitation that immediately 
suggests itself is the formation of quenching cracks. These are ob- 
viated by: (a) selection of quenching medium, (b) correct design 
of heating and quenching cycle, (c) redesign of the casting, and (d) 
use of alloys to increase the hot strength of the iron or to lower 
its critical temperature, whereupon lower quenching temperatures are 
used. 

Since the critical temperature of cast iron varies with the car- 
bon and silicon content and with alloys, it is common practice to 
quench from a temperature well above the critical. This tempera- 
ture ranges between 1450 and 1550 degrees Fahr. (790 and 845 
degrees Cent.) and the quenching medium is determined largely 
by the design of the casting and the hardness desired. Oil, water, 
and air are used, the former and latter predominating. 

by this treatment unalloyed cast iron with a Brinell hardness 
of about 400 is readily obtained, while the Brinell hardness of alloyed 
cast iron runs up to 500 or more.(1) These irons are used for 


withstanding severe wear and abrasion, and are not commercially 
machinable. 


Ballay(2) describes a quenching treatment in which good hard- 
ness is obtained with machinability. He quenches in oil from about 
1500 degrees Fahr. (815 degrees Cent.) and draws at from 400 de- 
grees Fahr. (205 degrees Cent.) and 600 degrees Fahr. (315 de- 
grees Cent.) to relieve quenching stresses. Nickel is used in the 
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iron to improve the susceptibility to heat treatment and to low 

















ie 
critical temperature. ‘This procedure 1s described as producin: a 
chinable cast iron having a martensitic structure and Brinell hard 


ness of about 350. 

As with steel, cast iron is frequently machined in the “as-cast” 
condition, following which it 1s quenched, drawn and the machining 
completed at slow speed or by grinding. The strength of LTay cast 
iron is increased by quenching and drawing (1, 2, 3, 4). Strength 
values well over 85,000 pounds per square inch are readily obtained 
with a fair degree of machinability. 

Having covered briefly the heat treatments commonly applied 
to gray cast iron, we come to that type of iron known as white cast 


iron. As its name indicates, this is iron of such composition as to 
produce a white fracture. All the carbon is combined and no 
graphite exists in the iron as cast. 

White iron has been produced for years for abrasion resistant 
parts and for making malleable iron, but since it has limited com- 
mercial applications as cast, its treatment here will be brief. Since 
white iron is brittle, 1t sometimes is found necessary to anneal it 
slightly in order to preclude breakage of the castings in handling. 
This anneal consists, usually, of holding at 1500 to 1600 degrees 
Kahr. (815 to 870 degrees Cent.) for three to four hours, which pre 












cipitates a small amount of graphite and breaks down some of the 
massive cementite, thereby increasing the toughness of the castings. 

Most white iron poured is converted into malleable iron or some 
form similar to malleable iron. Rapid strides have been made during 
the last year in this field, with attention directed primarily toward 
shortening the annealing cycle and improving the physical proper 
ties of the iron. This activity, with the development of a series of 
irons of distinctly new properties, has resulted in some confusion in 
the nomenclature of cast iron. Since the American Foundrymen’s 
Association and the American Society for Testing Materials have 
this under consideration, no attempt will be made here to apply 
names, and suitable distinction between groups will be made by de- 
scribing the processes by which they are made. 


MALLEABLE [RON 


Malleable iron is produced from white cast iron by a suitable an- 
nealing process. Much has been written on the subject, the most com- 









prehensive treatment probably being by Schwartz (5). White iron is 
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rily an alloy of iron, carbon, and silicon, containing small 
nts of other elements. ‘The carbon is entirely combined and 
raphite exists. The structure of white iron consists mainly of 
ive cementite and pearlite. In producing malleable iron from 
material, the combined carbon is completely broken down, and 
carbon precipitated as graphite in a matrix of ferrite. Since the 
ihite is very gradually liberated, and since it is liberated at high 
perature in solid iron, 1t assumes a characteristic form, collected 
nodules composed of extremely fine individual particles. ‘This 
eraphite is called temper carbon or secondary graphite. Fig. 2 il 
lustrates the structure of malleable iron. 


First STAGE OF ANNEAL 


Malleable iron is produced from white iron by an annealing 
process composed of two stages. The first stage consists of heating 
at a temperature well above the critical (Ac,) until the massive 
cementite has been destroyed. The temperature used commercially 
ranges from 1600 to 1700 degrees Fahr. (870 to 925 degrees Cent. ) 
and when equilibrium has been reached at this temperature, the struc- 
ture consists of graphite and solid solution of carbon in iron. 

Since the solubility of carbon decreases as temperature de- 
creases, carbon will continue to precipitate as the temperature is 
lowered. When equilibrium is reached at a temperature just above 
the critical point, the structure is composed of temper carbon in 
pearlite. 


SECOND STAGE OF ANNEAL 


The second stage of annealing consists of holding at a temper 
ature just below the critical point (Ar,) to destroy the pearlite. 
Carbon continues to precipitate, at the expense of pearlite, and fer- 
rite forms. The temperature used ranges from 1300 to 1350 degrees 
Kahr. (705 to 730 degrees Cent.) and when equilibrium is reached, 
the structure is composed of temper carbon in a matrix of ferrite. 

The silicon, previously referred to, greatly accelerates this 
graphitizing process. Silicon is a vigorous graphitizing agent and 
the malleable foundryman wishes to use as much of it as he can in 
his iron. He is limited with ordinary melting equipment, however, 


because, when the silicon is too high, some of the carbon will precip- 


itate out as graphite as the white iron freezes. This graphite, known 














234 TRANSACTIONS OF THE A. S. M. 





as primary graphite, is in the form of coarse flakes and cd 








IVes 

malleable iron of strength and ductility. 
In commercial malleable practice, the two stages of annealing 
merge into one another so closely that a distinction is not obvioys 





After the first stage 1s completed, the temperature is allowed to dro, 





slowly (10 to 15 degrees Fahr. per hour) to about 1200 degrees 





Kahr. (650 degrees Cent.) when the oven is opened to accelerat, 





cooling for handling. <A typical cycle for producing malleable jroy 


in periodic or batch type annealers is as follows: 















(1) Heat to 1650 degrees Fahr. (900 degrees Cent.) 20 hours 
(2) Hold at 1650 degrees Fahr. (900 degrees Cent.) 50 hours 
(3) Cool to 1250 degrees Fahr. (675 degrees Cent.) 70 hours 
(4) Cool for handling. 5 hours 

































While the properties of malleable iron are dependent, to a con- 
siderable extent, upon the composition of the white iron used, this 


composition has gradually become fairly well standardized for air 





furnace melting practice. A typical analysis of white iron for mal 
leableizing is as follows: 












Per Cent 








Ere 2.40 
SE OS og Oo ane 1.10 
Phosphorus ...... 0.15 
I so wae aes 0.05 





Manganese 







This iron, annealed by the cycle previously given can be ex 
pected to result in the following physical properties :(6) 










Ultimate Tensile Strength ...50,000-60,000 pounds per square inch 
Oe EE vic cowsswrsasacel 30,000-40,000 pounds per square inch 
Elongation in 2 inches ...... 15-20 per cent 

Impact Strength, Charpy 7-10 foot-pounds 

















SHORT ANNEALING CYCLES 


Much attention has been directed toward shortening the an 
nealing cycle, but the efforts have been expended mainly toward 
bringing the commercial cycle closer to the theoretical cycle. High- 
riter(7) summarizes this very well. The use of the tunnel or kiln 
type of continuous annealer has made possible some reduction of 
annealing time, because it is more controllable than is the periodic 
annealer. It permits of rapid cooling to the Ar,, where an arrest 1s 
made and the temperature held at 1300 degrees Fahr. (705 degrees 
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) for sufficient time to complete graphitization. Thus the cycle 
roaches the theoretical cycle. 

\ttempts to shorten the cycle by changing the composition of 
iron (increasing the silicon for its graphitizing action) or by the 
lition of other graphitizing alloys, have not met with great success, 

cause of the difficulty in preventing primary graphite. Boegehold 
%) attempted to prevent primary graphite with increased silicon by 
ding graphitizing inhibitors such as molybdenum, vanadium, ete 

Valentine (9) worked on a different angle and succeeded in 
hortening the cycle to thirty hours, through the use of an electric 
innealer, in which time and temperature reactions are closely con 

olled. Valentine found that manipulation of temperatures, par 
ticularly in range of the Ar,, increased the rate of graphitization. 
\Ithough the details of the process have not been published, it con 
ists mainly of establishing equilibrium at a temperature above the 
\c, in the usual manner, following which the temperature is man 
ipulated during the cooling to the lower critical point. One major 
reason for the short duration of this cycle is complete elimination of 
packing material. The castings are simply piled up on cars and the 
cars elevated into the annealer. ‘To facilitate the operation, two ovens 
are used, one for high and one for low temperature. This arrange 
ment permits an air quench during the transfer and, further, con 
erves heat. The process is said to be thoroughly economical and 
metallurgically satisfactory. 

White and Schneidewind (10) investigated the influence of 
superheating the molten white iron. They found that white iron 
superheated to 3200 degrees Fahr. (1760 degrees Cent.) annealed in 
forty per cent of the time required to anneal iron superheated to 
2800 degrees Fahr. (1538 degrees Cent.). Irons of three composi 
tions were used and the results checked well in all cases. ‘These irons 
were prepared in electric furnaces, and it is probable that temper 
ature 1s not alone responsible for the results obtained. It is rather 
apparent from Figs. 3, 4 and 5 that thorough mixing of the tron, 
simultaneous with superheating, distributes the free cementite in such 
a way as to provide several graphitization centers where only one 
exists in ordinary white iron. It is also probable that melting and 
superheating the iron under deoxidizing influences affects the anneal 


ing time favorably. Further, the advantages of superheated, elec- 


trically melted, white iron have been combined with another phe 


nomenon to reduce further the annealing cycle, and to produce, with 





236 TRANSACTIONS OF THE A. S. M. 


extremely short heat treatments, a series of irons related to malleable. 
but possessing far greater strength. 

The phenomenon referred to is the ability of white iron, melted 
under reducing conditions in the rocking indirect are furnace, to 
contain abnormally high quantities of silicon without the formation 
of primary graphite. Several foundries using this process are pro- 
ducing highly creditable malleable iron with annealing cycles as low 
as twenty hours. 

Fig. 3 is typical of white iron produced in this manner. It is 
free from primary graphite and the massive cementite is uniformly 
distributed through the pearlite matrix. This iron generally con- 
tains less free cementite than do other types of white iron. A typical 
composition of white iron used in this process for sections up to one- 
half inch thick is as follows: 

Per Cent 
Carbon 
Silicon 
Sulphur 


Phosphorus 
Manganese 


A typical annealing cycle for this material, in lots ranging from 
1500 pounds to 5 tons is as follows: 


Heat to 1750 degrees Fahr. (954 degrees Cent.) 3 hours 


(1) 
(2) Hold at 1750 degrees Fahr. (954 degrees Cent.) 4 hours 
(3) Cool to 1250 degrees Fahr. (677 degrees Cent.) 14 hours 


Physical properties from this treatment are given as follows: 


Ultimate Tensile Strength 60,000 pounds per square inch 
Yield Point 40,000 pounds per square inch 
Elongation in 2 inches 15 per cent 

Impact Strength, Charpy 7 toot-pounds 

srinell Hardness Number 


Other cycles for annealing this white iron are in use in which 
the temperature is arrested at or near the lower critical, usually at 
1350 degrees Fahr. (730 degrees Cent.). This permits of much 
more rapid cooling from the high temperature of the first stage of 
graphitization, but, since the temperature is held at the lower point 
for from ten hours to twelve hours, no time is saved. 

Figs. 4 and 5 illustrate the structure of representative malleable 
irons made in the above described manner. In comparing these to 
Fig. 2, the difference in grain size and in the size of the carbon 
particles is outstanding. It is readily apparent that when decomposi- 
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_ Fig. 5—Iron Similar to Fig. 4, Annealed with 24-hour Cycle. No Pearlite Remains. 
Etched. XX 125. 
‘ig. 6—Same Iron as Fig. 5, but Heat Treated to Produce High Strength with Total 
Cycle of 8 Hours. Etched. x 125. 
Fig. 7—Same Iron as Figs. 3 and 4, but Given Heat Treatment for High Strength. 

Properties Illustrated by Fig. 9. Etched. _ 1500. 

Fig. 8—Showing Retention of Pearlite. The White Iron, Similar to Fig. 3, was 
Electrically Melted and the Total Annealing Cycle was About 15 Hours. Etched. X 100. 
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8 
tion of the cementite began, graphite nuclei were formed at : 
intervals. Therefore, as graphitization progressed, the carbon ya, 
only short distances to go to reach nuclet upon which to preci : ” 
\s has been indicated, white iron is subject to an exceedin: P ot 
wide variety of heat treatments. Many of these are applied to whit, e 
iron that has been produced by the electric melting furnace process | 
ust described. ‘These treatments all Start by holding the casting at { 
high temperature to decompose the free cementite, as in all malleab| Cent.) 
processes To accomplish this they are held at 1700 to 1800 devrees 
Kahr. (925 to 980 degrees Cent.) from two to four hours. Following 
this, the heat treatment may be varied in countless combinations, de 
veloping many products that differ metallurgically from steel only in 
that they contain temper carbon. 
Quenching in oil from this point produces a martensitic struc 
ture with strength well over 100,000 pounds per square inch, but thi 
treatment is severe for castings of other than simple design. Equally 
sood properties are obtained with a less severe air quench, followed | 
by a draw. One very effective treatment is as follows: 
- y 
Hold at 1750 degrees Kahr. (954 degrees Cent.) tor 3 hours 
\ir quench to 1400 degrees Fahr. (760 degrees Cent.) 
Oil quench. 
Draw at 1350 degrees Fahr. (732 degrees Cent.) for 1 hour 
\ir quench for handling. 
lig. © illustrates 1ron made with this eyele. The physical prop 
erties of iron of this type average as follows: 
Ultimate Tensile Strength 100,000-125,000 pounds per square inch 
Yield Point .. , 85,000-100,000 pounds per square inch 
Klongation in 2 inches ........ 3- 7 per cent 
Kndurance Limit ..............40-50 per cent bic 
Impact Strength, Charpy ......5 to 7 foot-pounds 5 
Modulus of Elasticity .......... 30,000,000-35,000,000 : 
Brinell Hardness Number .....225-275 This 
such 
igs. 7 and 9% illustrate another iron of this type, made with a strens 
different heat treating evele. The cycle for this iron was as follows 
enous 
Hold at 1725 degrees Fahr. (940 degrees Cent.) for 4 hours. Theat 
Cool in furnace to 1425 degrees Fahr. (775 degrees Cent.) 4 hours 
Oil quench. 
Draw at 1350 degrees Fahr. (730 degrees Cent.) for 1 hour H 
\ir quench for handling C 
H 
Various heat treatments intermediate between the complete an : 


neal and the quench-draw treatment just described are also in use 
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; electrically melted white tron. These are designed to produce. 
me cases, a pearlitic or sorbitic matrix and, in other cases, a 
x of pearlite and ferrite. It has been found that the relative 

ortions of pearlite and ferrite can be controlled with accuracy 
e applied heat treatment. 

Che pearlitic matrix is produced by cooling quickly from the 


temperature soak to about 1500 degrees Kahr. (815 degrees 






Cent.). where an arrest is made long enough to reach equilibrium 
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56,000 
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Fig. 9--Stress-strain Diagram 
for Iron Represented by Fig 













(his is followed by an air or oil quench. Since the ductility ot 
such iron is low and the strength is somewhat lower than the high 
strength material just described, it has not found wide application 

Most producers prefer to arrest at the lower critical point long 
enough to form some ferrite, thus increasing the ductility. Fig. & 


illustrates such an iron, produced with the following cycle: 





Hold at 1750 degrees Fahr. (955 degrees Cent.) for 3 hours. 

Cool in the furnace to 1350 degrees Fahr. (730 degrees Cent.) 
Hold at 1350 degrees Fahr. (730 degrees Cent.) for 5 hours 

Cool in furnace to 1200 degrees Fahr. (650 degrees Cent.). 

\ir quench for handling. 
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arch 
Such material has from 70,000 to 80,000 pounds per square inch 
tensile strength with from 6 to 12 per cent elongation. 

Another process(11) uses electric annealing furnaces for mal- 
leableizing, which is followed by various quenching and drawing 
treatments. One producer of castings by this process claims 70.00) 
to 75,000 pounds per square inch tensile strength, 50,000 to 55,009 
pounds per square inch yield point with from 15 to 18 per cent 
elongation in 2 inches. The cycle employed is said to consume 
about sixty hours for 5-ton lots. It is divided approximately as 
follows: 5 hours to reach soaking temperature, 20 hours at the 
high temperature soak followed by air quench to the lower critica] 
where it is held for 25 hours. About 10 hours additional are re- 
quired to reach handling temperature. The iron used is of special 
composition, the details of which have not been found in the lit- 
erature. 

Still another method of producing high strength irons is by 
malleableizing completely, after which the properties are modified 
by heat treatment. In this process, carbon is re-dissolved, and the 
matrix developed to produce the desired structure. This is under- 
stood to be a patented process, regarding which the writer has no 
detailed information. 

The use of permanent molds greatly decreases the annealing 
time. This checks Schwartz (12) who found that quenching the 
white iron from above the critical, prior to annealing, greatly in- 
creased the graphitizing rate. The same idea is used in many mal- 
leable foundries in which the white iron castings are shaken out of 
the molds hot, thereby subjecting them to an air quench. 


APPLICATIONS OF HEAT TREATED Cast IRON 


These irons of high strength with good shock resistance, high 
endurance limit and high modulus of elasticity are finding wide ap- 
plication. It is obvious that there is a wide breach between the 
properties of ordinary gray cast iron and those of steel. This 
breach is only partly filled by the conventional malleable iron. The 
engineer frequently specifies malleable because gray cast iron is too 
brittle or too low in strength for the job. He likewise frequently 
specifies steel castings or steel forgings because neither gray nor 
malleable castings are quite good enough. Nevertheless, he does 
not require the potential properties of steel. 
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Janvy of these parts are now being made from heat treated 
-on with complete satisfaction. Such parts include under- 
cable brackets and clamps used in power distribution sys- 
machinery cams, connecting rods, conveyor chains, dies, gear 
cears, differential carriers and universal housings for auto- 
les, and many other similar products. In addition to possessing 
than ample shock resistance and elastic limit, these irons are 
ior to steel in wearing qualities, stress dampening properties, 
fatigue resistance, and machinability. 
One very interesting application of heat treated iron is for 
street man-hole covers (13). For this application a material of 
w yield point is not suitable since it permits the cover to bend 
aft r which it rattles in its frame as traffic passes over it. When 
made from gray cast iron the breakage was high, particularly in 
winter when, due to the snow melting off the covers, they are often 
several inches lower than the level of the surrounding snow and 
ice. When a heavy truck wheel drops from the snow to the cover 
the severe impact is frequently sufficient to cause failure. These 
vray iron covers were heavy, weighing 212 pounds, and hard to 
handle. A heat treated cast iron was designed for the job and the 
weight of the casting reduced to 172 pounds. This material has a 
high yield point (50,000 pounds per square inch) and _ possesses 
vood impact resistance. 


Cast IRON CAM SHAFTS 


Considerable development work has been done on heat treated 
cast iron cam shafts and crank shafts for automobiles, Diesel en- 
gines, etc. Cam shafts of this material are already in use in at 
least two automobiles, and it is probable that when this is read, at 
least one automobile will be using heat treated cast iron crank shafts. 
The superior characteristics of this crank shaft as compared to the 
steel forging are: lower initial cost, lower machining and finishing 
cost, better wearing qualities, higher endurance ratio, and_ better 
stress dampening properties. 

The field of heat treated cast iron, both gray and white, has 
barely been opened. The future possibilities are tremendous, and 
because the electric melting furnace has provided the iron foundry- 
man with a tool with which he can accurately produce and repro- 
duce any predetermined composition of iron, the metaliurgist has 
been able to establish his system of heat treating the castings. One 
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manufacturer ot automotive parts 1S already producing heat 
cast iron parts, replacing malleable iron castings, using a cont 

furnace adapted from an idle carburizing furnace. Their eye) 
less than twenty hours and the procedure is purely routine } 


AUS 
the electrically melted white tron castings are of unvarying chemieca| 
composition and annealability. 

The metallurgist, with his vast knowledge and experience gained 
from intensive work in the heat treatment of steel, has much 4, 
contribute to the heat treatment of cast iron. It is hoped that this 
paper has pointed out the important place which heat treated cay 
iron has come to occupy in industry and that it will inspire th; 
metallurgist to apply his knowledge of heat treatment to the furthe; 


development and utilization of this new engineering material, 
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DISCUSSION 







Written Discussion: By R. G. McElwee, general manager, D. J. Ryat 
loundry Co., Ecorse, Detroit. 

In our foundry at Ecorse we have been conducting, on a production basi 
the manufacture of the various types of iron described by Mr. Morken, and 
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speaking, our results check very closely with the results shown in 


This is particularly true of white irons and short heat treatments 
own investigations fortify the statements of White and Schneidewind 
rheatine white iron, although we have not melted any to a temperatut 


\ degrees Fahr. With the retractories available at present, we have not 


+ advisable to attempt to melt iron commercially above approximately 


teorees Fahr., but at this temperature have found that the heat treatment 


1 


lace much more rapidly than at 2800 degrees Fahr. We have also found 


order to be certain of breaking down the carbide in the first part of the 


treatment in a reasonable time, which we call about 5 hours, melting at 


cimately 3000 degrees Kahr. 1s absolutely necessary 
(nother point in which we concur with Mr. Morken ts that it is apparently 


‘ble with this type of melting equipment to run the silicon considerably 


ioher than is ordinarily expected in a given section. We have found it possi 


Je to run silicon as high as 1.65 per cent im comparatively heavy sections ot 


malleable iron, in which ordinary malleable foundry practice would call for a 


on percentage of approximately 1.05 or not over 1.10 
In our opinion, the process ol annealing referred to near the 


30. if carried on commercially, would justify a survey to determine the 


bottom of 


xact location of the lower critical point so that the soaking temperature might 
he adjusted as closely as possible to this point while remaining below it Phe 
nfluence of the various elements on this critical in different foundries might 
establish a difference sufficiently great that the highest efhciency would not be 
htained without this survey being made 

On page 238, at the middle of the page, the treatment recommended has 
heen found to work very well in our foundry except that it is rather difficult to 
ur quench to 1400 degrees a large batch of castings, and then oil quench from 
hat temperature without having quite a wide variation in the individual quench 
ng temperatures of the various castings in the lot. Our practice therefore is 
to furnace cool to 1400 degrees Fahr. and quench from the furnace. This neces 
sitates a loss of time, but we feel that 1t gives greater uniformity in the quench 

» temperatures 

The fact that our own results check very closely with those shown in the 
paper probably indicates that we are all striving for the same purpose—that 1s, 
to obtain an iron with a very high yield point and a high modulus of elasticity 
without particular reference to the actual percentage of elongation 

There is no question that this particular type of iron, meaning the malleable 
iron which is quenched and drawn, fits a particular field in which other types 
of castings are now being used. Many applications requiring some ductility 
have been filled by castings with extremely high elongation, and in some in 
stances, in fact most instances, the part is absolutely useless 1f stressed even a 
very slight amount beyond the elastic limit. A great deal of work must be 
done on certain other determinations which are not at all complete, one point 


being the resistance to abrasive wear of the various types of ductile trons 


‘here seems to be little question that for such applications an iron in which 


© matrix can be maintained pearlitic or sorbitic, will show better results than 


i territic type. No doubt these tests must be conducted under conditions ot 
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Marc} 


actual service but at least metal to metal contacts with similar materi 


: 
} 
Nave 


worn much better than even the best types of gray cast iron. This has s 


proven by tests on an Amsler machine using an iron with a sorbitic mat wit} 
no free ferrite. 

Written Discussion: By H. A. Schwartz, manager of resea: Na 
tional Malleable and Steel Castings Co., Cleveland. 

Mr. Morken has given us a brief and necessarily superficial survey of th, 
changes in physical properties which can be produced in various types of cag 
iron by a selection of suitable heat treatments. The paper should call the at. 
tention of the engineering reader to the metallurgically obvious and frequenth 
overlooked fact that cast irons in common with all other iron-carbon alloys 
respond to those heat treatments which in the case of plain carbon steels are 
known to be accompanied by such metallographic changes as to influence the 
physical properties of the product. Unfortunately no one has yet felt moved 
to contribute to the literature a really exhaustive study of the relations between 
heat treatment, chemical composition and physical properties of a reasonably 
inclusive series of alloys falling into the field commonly designated as cast 
iron. Quite possibly the absence of such exhaustive research is due to the 
staggering magnitude of the task involved. 

The present commentator is inclined to question the use made on page 234 
of the data of the Malleable Symposium referred to by Mr. Morken as item 6 
of his bibliography. The symposium gives, among many other things, the 
most likely value and the range of values of various physical properties of 
malleable iron made to meet a certain specification which specification inci- 
dentally has since been decidedly modified. Mr. Morken has applied sub- 
stantially the entire range encountered in certain physical properties to an iron 
of arbitrarily selected composition which iron is incidentally higher in silicon 
for the carbon given than would be the likely value for iron manufactured under 
the specifications in question. Obviously the range of physical properties cov- 
ered in the symposium is in considerable part an expression of the ranges oi 
chemical composition encountered in commercial operation for the intended 
purpose. An iron of given composition, whether it falls within the expected 
range of the symposium or not, would evidently not vary as much in proper- 
ties as all irons made for a given purpose and not of constant composition; 
this fact has been given insufficient attention in the article as printed. 

It may be of interest to supply certain information which the author says 
was lacking to him in connection with a discussion of a patented process for 
the reheat treatment of malleable iron. It seems reasonable to suppose from 
the context that the author is referring to a number of patents granted to 
Carl F. Lauenstein. The Lauenstein process which is in commercial use by 
two corporations who sell its product under a trade name is in essence a method 
for heating completely malleableized castings at such a time and temperature 
as to cause the grain boundaries of the ferrite to become recarburized to the 
desired width and subsequently heat treating the castings as a whole to pro 
duce the requisite physical properties in this recarburized layer. The process 
is effective because of a difference in migratory rate of carbon in a direction 
parallel to the grain boundaries as compared with a direction normal to the 
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oundaries. The particular methods of heat treatment requisite to pro 


end are, of course, sufficiently indicated in the patent specifications. 


Sets OT yd i eRe aa i 


a 


ess is believed to be more accurately controllable under works condi- 


fer 
aa 


an most other methods of producing malleable iron containing desired 
tc of combined carbon and is further thought to produce rather unusually 
le combination of strength and ductility. 


i 


‘s unfortunate that either through modesty or business expediency Mr. 
en dismisses so briefly the high silicon iron produced in the furnace 
ifactured by the company with which he is connected. It would seem that 
teresting a material is worthy of much more extended discussion than has 
accorded it in the limited amount of information contained in the paper. 
lhe fact that iron melted under these conditions was found by the author to 

less easily graphitized in the mold for a given composition than is material 


moved De ; ; . 
melted in the more usual methods is to some extent corroborated by an investiga 
— tion of Wolfram Ruff in a dissertation for the doctorate granted by the Uni- 
mnably versity of Brunswick (Braunschweig). Dr. Ruff was led to the conclusion that 
a silicon favored graphitization only in the presence of oxygen. It is, however, 
O the 


apparent from the analysis of the metal produced, more especially with regard 
to phosphorus, that it was made from melting stock very different from that 
ysed in the more usual operations. Phosphorus has been shown by some ob 
servers to favor graphitization and its reduction therefore may not be an en 
tirely negligible factor in explaining the results. It is also reasonably possible 
that changes in the character of the melting stock may of themselves have in- 
volved effects on graphitizing rate, physical properties and so on in which the 
z , malleable iron specialist would have been profoundly interested. It is even 
¢g known in the operation of ordinary air furnaces that the tendency to graphitize 
“tm in the mold is dependent upon the order in which various elements are added to 
the mix. 

Written Discussion: By E. L. Roth, secretary and general manager, 


Motor Castings Co., Milwaukee. 


CcOyV- 
es ol 


ended a . : ; 

ae Since May 1930 we have been producing a heat treating cupola iron ot 

ected ° °° 
the following composition. 

Ooner,T- 

: 


ition ; ae Per Cent Per Cent 
Nickel 2.00 Phosphorus 0.10 


Chromium 0.75 Manganese 0.75 
Total Carbon 2.90 Sulphur 0.90 
Silicon 1.50 


This is being used with great success for draw dies and also gives excel- 
lent service in stamping light gage metal on short runs. The material is readily 
machinable as cast and is usually molded in dry sand so that it can be cast very 


thod : close to size. After being machined it is subjected to the following heat treat- 


ature ment: Heat to 1550 degrees Fahr.; Hold 20 minutes; Quench in oil; Draw 
> the 


pro 


at 300 degrees Fahr. for 1 hour. 


No difficulties have been encountered with the cracking of this material 
CESS due to heat treatment but in most cases the castings have been of a simple shape 


ction with very few sharp corners. After heat treatment the casting is then ground to 


the : size and a Brinell of 475 to 525 is obtained. The grinding removes a soft 
skin produced during the heat treating operation, The hard matrix is broken 
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up by the finely divided flakes of graphite which act as a lubricant in 
ing operation. A service life eight to twelve times greater than that 
with untreated cast iron dies makes it possible for this material to con 
hardened tool steel dies, the much lower initial cost offsetting the 
longer life obtained with a hardened tool steel. 

HyMAN Bornstein:' The author should be complimented on p 
this subject of heat treatment of cast iron to the Society. I agres 


author that the heat treatment of cast iron will grow in extent and bec: 


and more valuable. 

There are a few points in the author’s paper that I want to point out. , 
I think the author 
has perhaps placed a little too much emphasis on the melting mediun 


ticularly as affecting the heat treatment of gray cast iron. 


used 
rather than on the cast iron, itself. 

On page 227, beginning at the paragraph on the bottom of the page, th 
author states that “having produced, with the aid of the electric melting furna 
cast iron which possessed more than four times the strength of the conventiona! 
‘old’ cast iron, and in addition iron of greatly improved shock-resistant properties 
the metallurgist began investigating the inherent qualities of this remarkab| 
alloy.” I personally feel that that is somewhat of an exaggeration, because th: 
conventional “old” cast iron that he refers to is, I suppose, the ordinary cupola- 
melted iron, and our experience with that over a good many years is that 
strengths of from 25,000 to 40,000 pounds per square inch tensile are not at 
all unusual, and consequently four times that would be very unusual, whethe: 
it is electric furnace iron, or anything else. 

With respect to the strength of these irons as cast, I do not think it makes 
a great deal of difference whether they are melted in a cupola, electric furnace, 
air furnace, or the rotary type of furnace such as the Brackelsberg. I think 
that if the composition and melting is controlled, the resultant type of material 
is obtained in respect to composition and strength. I simply want to point this 
out as I believe we should realize that perfectly good castings are made from 
iron melted in the cupola process. That was thoroughly gone into by Mr 
MacPherran in the exchange paper which he presented to the Institute oi 
British Iron Foundrymen about a year ago. 














He covered cast iron in the neighborhood of from 40,000 to 60,000 pounds 
per square inch tensile, and above that, produced not only in the electric fur 
nace but in the air furnace and the cupola. 

In the second paragraph the author mentions that the ordinary cast iron 
has been heat treated for years, in a simple manner, but because of the severely 
restricted range of compositions and properties obtainable from the cupola, the 
process of heat treatment gained little headway. My experience is that the 
range of compositions obtainable in the cupola is certainly not severely restricted 
The range is very, very large, rather than small. 
large. I believe too, that perhaps not sufficient emphasis has been placed on 
the use of alloys in the heat treatment of cast iron. I think the use of alloys 
in the treatment of cast iron is perhaps about as important as the use of alloys 







1Director 





of laboratory, Deere and Co., Moline, III. 


I think that has been one of our troubles in the past—the range has been too 
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heat treatment of steel. In other words, I believe that the use of alloys 


bly has a larger effect on the physical properties obtainable by the heat 
nt than does the method of melting the cast iron. 
{nother point in reference to the annealing of cast iron—I note that on 
>29. about the third paragraph, the author mentions annealing temperature 
of from 1400 to 1650 degrees Fahr. I believe that that covers the com 
ial ranges used, but I just want to point out that frequently lower tem 
ratures can well be used in the annealing of cast iron. 
In experiments which we carried out a number of years ago on ordinary 
eht carbon cast iron as distinct from an alloy cast iron, we could anneal these 
irons at a temperature under 1300 degrees Fahr. 
[he author points out the work done by Ballay in his exchange paper to 


the American Foundrymen’s Association, but has failed to mention the last ex 


ange paper from the French, which was presented at the last meeting of the 
\merican Foundrymen’s Association. This paper by G. R. Delbart is entitled 
\lartensitic Quenching of Cast Iron.” This is an important piece of work. 

James T. MAcKENzIE: I notice in the paper the range of modulus of 
lasticity is given for these high strength heat treated cast irons as 32,000,000 

35,000.000. We were quite interested in that from a_ standpoint of 
stretching of bolts made of this material. Some very thorough checks of that 
modulus of elasticity showed in no case over 30,000,000. 

\. E. Wuite’: This paper is particularly pertinent at this time because it 
is on a large subject and a subject which is attracting a great deal of attention. 
It is interesting to note that within the past few years there has been no branch 


i 


of metallurgy which has received greater intensive study than that branch which 


covers cast iron. The result has been a very marked revival of the use and the 
applications of cast iron. A very considerable amount of credit for such a con- 
dition is due to such individuals as Mr. Morken and others who have kept this 
subject constantly before us. 

lf it had been suggested ten years ago that we use cast iron cam shafts 
in our automobiles, we would have probably thought that such a suggestion 
would represent poor practice. I think we would all have held up our hands in 
vigorous protest, had anyone suggested the use of cast iron crank shafts. Yet 
today very serious consideration is being given to the use of crank shafts made 
of cast iron. We are already using large quantities of a special type of cast 
iron requiring a most rigid control in our brake drums. Without doubt, the 
weak part in the automobile engine today is the piston ring, and very intensive 
study is being given to this part of the engine by various companies making 
piston rings, in order to secure rings which will function to the highest possible 
satisfactory degree. Also, intensive development is going on in the field of 
valve seats. 

It is interesting to note from this paper what is already known to some, 
although not fully enough known, that superheat appears to be one of the fac- 
tors which make it possible to bring about some very extraordinary properties 
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in cast iron. It is not my wish to introduce a discussion at this time 
gard to the differences of opinion between Mr. MacKenzie and Mr. Morl 
regard to the high moduli of elasticity values reported by Mr. Morke A, 
parently, Mr. MacKenzie doubts some of these values. Some work wh h: 
been carefully done at the University of Michigan on certain types of ca 
(this work being done under the direction of Professor Timoshenko, | 


aVe 


considerable regard for the accuracy of the data mentioned) shows these eas 
irons to have moduli of elasticity as high as 33,000,000. I have a yer 
high regard for Mr. MacKenzie’s work, but I do feel that we may expec; 


moduli of elasticity values from certain types of iron which are in excess 0; 
29,000,000 or 30,000,000. 


Author’s Closure 


In Dr. Schwartz’ conclusion he states, “the heat treating processes applied 
to iron by the electric melting process referred to are of course applicable als 
to any other graphitizable white case iron.” While the statement is true, as js. 
I must point out that either the properties or the time must suffer if we are deal 
ing with ordinary white cast iron. We must have the properties of annealabilit, 
that are described in this paper in order to accomplish the desired results in the 
minimum time. 

With respect to Mr. Bornstein’s very pertinent statement about the electri: 
furnace iron possessing some four times the strength of the conventional old 
cast iron, I may add that the words “conventional old” were used advisedly, 
and the values to which the statement referred are those which appear in the 
currently available Handbooks, most of which I found attribute to cast iron 
a tensile strength of from 15,000 to 20,000 pounds per square inch. 

Straight gray cast iron is made commercially every day in electric furnaces 
with approximately four times that strength value. While the melting medium 
is not a subject in which this Society is primarily interested, 1 wish to add 

















further to Mr. Bornstein’s remarks by stating that the electric furnace has given 
a controllable means for producing an extremely wide variety of types of cast 
iron, which perhaps are sometimes produced in other types of melting media, 
but not controllably. 

One very interesting application of heat treatment to an iron which has 
been designed specifically for a given job, is in a line of pressure goods in which 
a rather low carbon electric furnace iron was found necessary in order to ob 
tain the desired strength and density. This was a gray cast iron which con- 
tained a total carbon content of 2.50 per cent. 

One more comment upon the modulus of elasticity of this material—I agree 
with Mr. MacKenzie that there certainly are a lot of questions as to the meth- 
ods of testing. We have found a considerable amount of variation in results 
obtained. I might add that the stress-strain diagram which appears in this 
paper is part of a thesis which was worked out at the University of Detroit, 
and I have every reason to believe that it was conducted in accordance with 
regular approved methods and that the data are reliable. 

I believe, perhaps, that Mr. MacKenzie may have overlooked the fact that 
the materials that he tested might not have been produced under similar condi- 


tions. Perhaps they were not of this rather unusually high silicon variety. 
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STUDY OF BANDING IN A CHROMIUM- 
MOLYBDENUM STEEL 


By E. R. JouNson AND W. J. BUECHLING 


Abstract 


A chromium-molybdenum steel was studied to de- 
termine its tendency for banding and to show the differ 
ence between various positions in the ingot. Several heats 
vere examined at the billet size, then in a rerolled size, and 
again in finished tubing. A treatment was devised to elim- 
inate the banding as revealed by a slow cooling from a 
temperature of 1550 degrees Fahr.; this treatment con- 
sisted of high temperature heating for a certain period of 
time. Physical tests by the transverse tensile and trans 
verse impact tensiles were made from material showing 
the banding characteristics, and from the same material 
after eliminating the banded structure. Very little differ- 
ence was observed in the physical tests, though there 1s an 
indication that the removal of the banded structure will 
help a transverse unpact tensile ductility; however, the im- 
provement was not commensurate with the expense in- 
volved in using such a long time high temperature treat- 
ment to remove banding. We found that banding was 
again present in tubing even though it was pierced from 
bars in which the banded structure had been eliminated. 


HERE are many references which discuss the subject of banding 
z. carbon and alloy steels. They deal with the fundamental 
causes of banding; methods for revealing banding; effects of 
mechanical working; treatments for the removal of banding; and 
the harmful effects of banding. Briefly, these publications show that 
certain elements, such as phosphorus and oxygen, and also inclusions, 
affect ferrite separation from austenite so that bands are produced in 
wrought material. Solidification phenomena producing dendrites 
which show differences in chemical content from the cores to the 
surrounding matrix are considered primarily responsible for the 
banding observed after the cast material has been converted into 


A paper presented before the Fifteenth Annual Convention of the society 
held in Detroit, October 2 to 6, 1933. The authors are members of the society 
and are associated with the metallurgical department of the Republic Steel 
Corp., Central Alloy Division, Massillon, Ohio. Manuscript received August 
8, 1933. 
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blooms or bars by mechanical working. Slow cooling from 











ove 
the critical ranges of the directional worked steel, or steel alloy. yyjj 
bring out the inherent banding tendencies. Certain etching reagents 
such as those containing cupric chloride, will reveal the banded stru 
tures. It has been shown that rapid cooling from temperatures above 
the upper critical range, will hide the banded structure. Long tiny 





heating at elevated temperatures has also removed banded structure. 





in small specimens. Banding has been considered detrimental }) 





cause of its adverse effect upon transverse ductility values and fatigu, 





pro] erties. 





Recently, it was necessary to study the banding tendency of a 





chromium-molybdenum steel, and, if possible, develop a treatment 





which would eliminate this condition. The banded structure \ 





as 





first observed in slowly cooled specimens of tubing, Fig. 2. Since 


the steel was made in an electric furnace, finishing with a low phos 





phorus content, and with other normal segregations, a study was 





made of the effect of heating periods and temperatures upon the in 





herent characteristics of tubing. It was felt that a treatment could 








be obtained which would cause a uniform diffusion, so that there 





would be no selective separation of ferrite from austenite. Sections 
of tubing were then heated to temperatures of 1800—1900—2000 








and 2100 degrees Fahr. for periods of 1 to + hours. ‘These treat 














ments were followed by another heating to 1550 degrees Fahr. and 





from this temperature, the specimens were slowly cooled to allow 





ferrite separation from the austenite without restraint. A micro 





scopic examination of these specimens showed that a heating period 





of 4+ hours at 2050 degrees Fahr. was sufficient to cause uniform 











diffusion and stop formation of ferrite bands. The photomicro- 











graphs, Figs. 3 to 12, of the various specimens, show the influence 





of time and temperature of the preliminary treatments upon the final 
annealed structure. 








Banding was found in the bars (Fig. 1) from which the tubes 





were made, so several heats of steel were made with the purpose ol 
studying the banding structures of the billets, bars, and the finished 
tubes. ‘Typical heats which were followed had the analysis shown in 
Table I. The ingots were charged hot into soaking pits, heated to 
normal temperatures and rolled in a blooming mill to 9 by 734-inch 
















billets. These billets were allowed to cool slowly in protected pits 
The billets were reheated in the usual heating furnace and then rolled 


to 4+ inch rounds, which were again cooled slowly. In all cases, 
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Photomicrographs of Bars and Tubing from Heat 6 after Heating to Specified Tem 
eratures and Reannealing from 1550 Degrees Fahr. Nital Etch. x 100. 
Fig. 1—4-Inch Round Bar Stock. Fig. 2—-Pierced Tube. 


rees Fahr., 1 Hour Fig. 4—-Tube, 1850 Degrees Fahr., 2 Hours. 


Fig. 3—Tube, 1850 De 


identity was maintained according to ingot location. Sections were 
cut from the 9 by 734-inch billet, representing top and bottom por- 
tions of the ingot, and were cooled slowly from a temperature ot 
1550 degrees Fahr. to bring out any banded structures. As men- 
tioned before, this treatment allowed the ferrite to separate from the 
austenite, normally. A sample taken from the center of each sec- 
tion was banded more than those taken from midway or edge po- 
sition, and, henceforth, all samples will represent center areas. The 
annealed structures are shown by photomicrographs, Figs. 13, 14, 
17 and 18. 

At low magnifications, the rich carbon areas are farther apart in 
the bottom ingot positions than at the top, which would indicate that 











> 
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such phenomena are primarily due to the mode of dendrite forn 
and solidification in the ingot. 


Table I 
Analysis of Heats Used in Experiments 




















Man- Phos- Chro Mol, 

Heat No. Carbon ganese Sulphur phorus _ Silicon mium denut 
1 Ladle 0.30 0.54 0.018 0.018 0.20 0.96 0 
Top 4-Inch Round 0.319 0.51 0.019 0.014 0.21 0.94 0 
Bottom 4-Inch Round 0.307 0.51 0.021 0.011 0.20 0.94 0) 















) 


2 Ladle 0.30 0.50 0.019 0.019 0.19 0.92 
Top 4-Inch Round 0.333 0.54 0.018 0.015 0.20 0.94 
Bottom 4-Inch Round 0.308 0.51 0.016 0.014 0.18 0.93 








().24 





0.24 













3 Ladle 0.32 0.52 0.014 0.017 0.20 0.92 0.21 
Top 4-Inch Round 0.316 0.58 0.019 0.013 0.21 0.94 0.24 
Bottom 4-Inch Round 0.311 0.56 0.015 0.016 0.19 0.92 0.23 



































4 Ladle 0.29 0.55 0.019 0.018 0.20 0.96 0.21 
Top 4-Inch Round 0.289 0.55 0.018 0.014 0.21 0.95 0.24 
Bottom 4-Inch Round 0.281 O.55 0.026 0.013 0.21 0.92 0.23 


























5 Ladle 0.33 0.55 0.020 0.022 0.20 0.90 0.21 
Top 4-Inch Round 0.344 0.54 0.017 0.016 0.20 0.89 0.22 
Middle 4-Inch Round 0.352 0.53 0.018 0.014 0.17 0.88 0.24 






















6 Ladle 0.295 0.49 0.013 0.0i8 0.20 0.95 0.17 





The 4-inch round bars were treated in the same manner. The 





samples cooled slowly from 1550 degrees Fahr. were examined 





microscopically and the same difference of structure between top 





and bottom ingot location has been maintained, Figs. 13, 14, 17 and 








18. The carbon-rich bands are a little closer together in the bars than 








in the billets. These structures would indicate that a longer heat- 





ing cycle at high temperatures would be required for material repre- 
senting the bottom of the ingot than the top, in order to obtain 
proper diffusion. A series of experimental treatments were con- 











ducted at various temperatures. It was necessary to use a prelim- 








inary treatment of 2200 degrees Fahr. for 6 hours to eliminate the 






ferrite band separation in the specimen of top location, (reannealed 
at 1550 degrees Fahr., Fig. 21). The sample from the bottom 
(Fig. 22) still shows a trace of banding, which was removed by an 
additional 1 hour at the high temperature. 

















With this information, a production lot of bars representing 


top and bottom ingot positions of Heats 1, 2, 3 and 4, were annealed 
in a large furnace at 2200 degrees Fahr. for 7 hours. The weight of 











each charge was 6000 pounds. After reannealing at 1550 degrees 
Fahr., structures similar to photomicrographs, Figs. 21 and 22, were 
observed. 

Two bars from each heat, Nos. 1, 2, 3 and 4, representing top 
and bottom ingot locations, were pierced into tubing which was an- 
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Photomicrographs of Tubing from Heat 6 After Heating to Specified Temperatures 
ind Reannealing from 1550 Degrees Fahr. Nital Etch. x 100. 

Fig. 5—Tube, 1850 Degrees Fahr., 4 Hours. Fig 6—Tube, 1950 Degrees Fahr., 
- sas Fig. 7—Tube, 1950 Degrees Fahr., 2 Hours. Fig. 8—Tube, 1950 Degrees Fahr., 
nealed and cold drawn to a finished size. Sections of the tubes were 
cooled slowly from 1550 degrees Fahr. The structures, Figs. 23, 24, 
27 and 28, of Heat 4, top and bottom ingot location, are typical of 
all heats. Banding is still present, though the ferrite bands are not 
so pronounced as those in Fig. 2, wherein the tubes were made from 
bars that developed banded structures shown in Fig. 1. 

Since high temperature heating for sufficient time markedly im- 
proved the banding conditions in 4-inch round bars, one of the 9 by 
/34-inch billets, from Heat 5, was heated for a total time of 6 hours 
in the regular heating furnace at a temperature of 2250 degrees Fahr. 
prior to rolling to 4-inch round. Sections of this material, and of 


1 


the product from normal heated billets, were annealed at 1550 de- 
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Photomicrographs of Tubing from Heat 6 After Heating to Specified Temperatures 
ind Reannealing from 1550 Degrees Fahr Nital Etch < 100. Note Improvement 
banding conditions with increasing soakine time and increase in temperature 

Fig. 9 Tube, 2050 Degrees Fahr.. 1 Hour. Fig. 10—Tube, 2050 Degrees Fah: 
> Hours Fig. 1i Tube, 2050 Degrees Fahr., 4 Hours. Fig. 12—-Tube, 2150 Degrees 
Kahr 1 Hour 
grees Fahr. to bring out any banded structures. These structures 
are not shown in this paper, but the increased billet heating time im 
proved the susceptibility to banding. It is believed that additional 
soaking time, prior to rolling, would be beneficial. 

Supplementing these data, the bars rolled from the billets which 
had received the extra long heating cycle, were divided into two 
lots. One set Was pierced directly into tubing, while the other set 


Was given the high temperature anneal of 2200 degrees Fahr. for 7 
1 
1 


hours for diffusion, before converting into tubing. Samples of eac 
tube were annealed to bring out the banded characteristics and the 
microscopic examination showed that tubing made from diffusion 
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hars was better, Figs. 29 and 30. In this case. the pierced 
from each bar was cooled to room temperature, reheated, and 
into a tubing, on a hand mill. 
lot working temperatures have a decided intluence on the 
ing characteristics. Two samples were cut from the same an 
led bar, Heat 4+—Top, which was free of banded structures, as 
resented by Fig. 25. One was forged from 4-inch round to 1 
round, with minimum reheatings—and finished at a very low 


temperature. The other was constantly reheated to keep the forging 


RWW 


Test location, Jest locetion, Test, flattened from 
9x 754” Billet 4* Rd-Bar Ring of Tubing 


Sketches Showing Method of Selecting Test Specimens 


temperatures high and finished at approximately 1800 degrees Kahr. 
\ section of each bar was then annealed to 1550 degrees Fahr. The 
structures shown in Figs. 31 and 32 clearly bring out the effects of 
the excessive cold forging. Banding is very prevalent in the samples 
finished at low temperature, and not present in the second sample. 
It is quite possible that ferrite may have separated from the austenite 
solution during the low temperature forging and would, probably, 
flow differently during the forging operation, and, thus, change the 
uniformity of structure so that the ferrite would separate out as 
streaks after reannealing. 


PHYSICAL PROPERTIES 


The effects of banding characteristics were investigated from a 
physical standpoint by making transverse tensile and tensile impacts. 
he regular tensile test section was rough-machined to 1-inch square 
irom the center sections of normal rolled bars and from stock which 


received the high temperature treatments (2200 degrees Fahr.—/ 


en has : ' sae 
hours). The tests were treated by quenching in water from 1550 


degrees Fahr. and then drawn at 850 degrees Fahr. They were then 


machined to a standard 2? by 0.505 inch tensile test bar with 
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Table II 
Transverse Tensile Tests—Heat 1 


Yield 


















Tensile Per 

























Treatment Point Strength Cent Cent 
of Test Lbs. Lbs. Elong. Red Bri 
Test Size Test Section Degrees Fahr. Sq.In. Sq.In. 2Inches Are sa 
Top-1 9 by 7% 2 by 0.505 1550 Water 181,700 193,200 6.0 11.¢ Q5 
Billet 850 Draw 
Hot-Rolled 
Bot-2 9 by 7% 2 by 0.505 1550 Water 172,200 182,200 3.5 6 { 
sillet 850 Draw 
Hot-Rolled 
Top-3 4-Inch 2 by 0.505 1550 Water 183,750 193,700 6.0 15 
Round Bar 850 Draw 
Hot-Rolled 
Bot-4 4-Inch 2 by 0.505 1550 Water 179,200 188,700 Jed 7.8 { 
Round Bar 850 Draw 
Hot-Rolled 
Top 5 4-Inch 2 by 0.505 188,700 194,700 5.0 13.2 
Round Bar 
2200 Degrees Fahr. 
7 Hours 
Bot-6 4-Inch 2 by 0.505 180,200 185,200 5.0 15.2 102 
Round Bar 
2200 Degrees Fahr. 
7 Hours 
Top-7 Tubing from 0.505 by 0.187 173,700 183,200 8.5 29.5 375 


Bars Top-5 
Jot-8 Tubing from 0.505 by 0.187 167,600 178,400 8.0 29.0 
Bars Bot-6 


Table Ill 
Transverse Tensile Test Results—Heat 2 




















Yield Tensile Per Per 
Treatment Point Strength Cent Cent 
of Test Lbs. Lbs. Elong. Red. Bri 
Test Size Test Section Degrees Fahr. Sq.In. Sq.In. 2Inches Area nel 
Top-1 4-Inch 2 by 0.505 1550 Water 184,200 194,200 §.5 15.2 402 
Round Bar 850 Draw 
Hot-Rolled 
Bot-2 4-Inch 2by 0.505 1550 Water 183,700 188,700 4.0 7.8 402 
Round Bar 850 Draw 
Hot-Rolled 
Top-3 4-Inch 2 by 0.505 1550 Water 180,900 193,500 ao 14.2 4()2 
Round Bar 850 Draw 
2200 Degrees Fahr. 
7 Hours 
Bot-4 4-Inch 2 by 0.505 1550 Water 180,900 187,000 6.5 19.6 387 
Round Bar 850 Draw 
2200 Degrees Fahr. 
7 Hours 
Top-$ Tubing from 0.505 by 0.187 1550 Water 172,700 182,700 re 28.6 387 
Bar Top-3 850 Draw 
Bot-6 Tubing from 0.505 by 0.187 1550 Water 168,400 178.500 8.0 51.7 375 


Bar Bot-4 850 Draw 





threaded ends. In order to get transverse tests from the tubing, 
l-inch rings were machined off, cut, and heated to 1600 degrees Fahr. 
The rings were opened hot, flattened carefully, and then cooled. The 
flat sections were heat treated the same as the regular tensile tests 
and machined into a test size—O.187 by 0.500 by 2-inch gage length 
with 34-inch threaded ends. Other treated sections of the bars and 
tubes were machined into a special impact tensile 0.236-inch round by 
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Table IV 
Transverse Tensile Test Results—Heat 3 


Test Section 


2 by 0.505 


51ze 


t-Inch Round 
Hot-Rolled 
{-Inch Round 
Hot-Rolled 
+-Inch 2 
Round Bar 
) Degrees Fahr. 
7 Hours 
4-Inch 
Round Bar 
) Degrees Fahr. 
7 Hours 
Tubing from 
Bar Top-3 
Tubing from 
far Bot-4 


2 by 0.505 


bv 0.505 


2 by 0.505 


0.509 by 0.187 


0.500 by 0.187 


Transverse Tensile Test 


S1Z€ 


4-Inch 
Round Bar 
Hot-Rolled 
4-Inch 
Round Par 
Hot-Rolied 
4-Inch 
Round Bar 
2200 Degrees Fahr. 
7 Hours 
4-Inch 
Round Bar 
200 Degrees Fahr. 
7 Hours 
Tubing from 0.500 by 0.187 
Bar-1 
Tubing from 0.500 by 0.187 
Bar-2 
Tubing from 0.500 by 0.187 
Bar-3 
Tubing from 0.500 by 0.187 


Test Section 


2 by 0.505 


2 by 0.505 


2 by 0.505 


Mid-4 0.505 


2 by 


Treatment 
of Test 


Degrees Fahr. 


1550 Water 
850 Draw 
1550 Water 
850 Draw 
1550 Water 


850 Draw 


1550 Water 
850 Draw 


1550 Water 
850 Draw 
1550 Water 
859 Draw 


Table V 
Results—Heat 5 (Extra 


Treatment 
of Test 


Degrees Fahr. 


1550 Water 
850 Draw 
1550 Water 


850 Draw 


1550 Water 
859 Draw 


1 ) Water 


850 Draw 


1550 Water 


850 Draw 


1550 Water 


850 Draw 


1550 Water 


850 Draw 


1 


0 Water 


Yield 
Point 
Lbs. 

Sq.In 


Tensile 
Strength 
Lbs. 
Sq.In. 
195.700 


184.500 


195,200 


180,800 187.000 


167,400 178.500 


169.500 181.100 


Yield 
Point 
Lbs. 

Sq. In. 


183,200 


Tensile 


Lbs. 
Sq.In. 


192 


700 


174,700 


187.000 198.200 


177,760 
176,900 185,400 
172.700 181,700 
176,400 185.400 


175.800 184.800 


Strength 


Per 

Cent 
Elong Red 
2 Inche Ss 


Area 
7.0 22.4 


Pet 


Cent 


$5 11.6 


Long Biilet Heating) 


Per 
Cent 
Elong. 

2 Inches 


Per 
Cent 
Red. 
Area 


5.0 18.8 


20.6 


13.6 


Bar-4 50 Draw 


2-inch gage length, with 3¢-inch threaded ends that fitted the regular 
Charpy head and block for making such tests. The 
were pulled on an Olsen machine, recording the usual data. 


tensile tests 


The 


impact tensile bars were broken with a Charpy impact machine, re- 


cording degree of swing after impact, the corresponding foot-pounds 
of energy absorbed, the calculated energy absorption per square inch, 
the elongation per inch, and the reduction of area. 
ing sketches indicate the location of tests. 
data are included in Tables II to VII. 


The accompany- 
All physical property 
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Table VI 
Transverse Tensile Impact Tests from Bars 
(All Tests Treated—1550 Degrees Fahr.—-Waterquench—850 Degrees Fahr. [D 
Tensile 
Foot Impact 850°F 
Lbs. Ft. Lbs. Draw 
Ab- Per Elong 





Heat Location Preliminary Treatment sorbed Sq.In.. 2 Inches : 
l 1-Top 4-Inch Round Hot-Rolled 86 1968 7.0 4 
2-Top 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 95 2174 7.0 ) 
3-Bot 4-Inch Round Hot-Rolled 56 1300 $5 
4-Bot 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 60 1386 5.5 Q 
2 5-Top 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 106 2465 7.0 7 
6-Bot 4-Inch Round Hot-Rolled 59 1363 6.0 
7-Bot 4-Inch Round 2200 Degrees Fahr.—7 : 90 2060 7.0 ‘ 
3 8-Top 4-Inch Round 2200 Degrees Fahr.—-7 Hrs. 99 2266 6.5 ) 
9-Bot 4-Inch Round Hot-Rolled 93 2150 8.0 { 
4 10-Top 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 99 2266 6.5 { 
11 Bot 4-Inch Round Hot-Rolled 90 1800 70 | 
12-Bot 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 59 1350 5.0 
5 13-Top 4-Inch Round Hot-Rolled 73 1686 5.5 
14-Top 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 90 2426 7.5 7 2 
15-Mid 4-Inch Round Hot-Rolled 73 1686 5.5 | 
16-Mid 4-Inch Round 2200 Degrees Fahr.—7 Hrs. 90 2426 7.0 as 
Table VII 


Transverse Tensile Impact Tests from Tubing Pierced from Bars of Each Heat Which 
Had Been Given a High Temperature Treatment of 2200 Degrees Fahr.—7 Hrs. 


(All Tests Treated—1550 Degrees Fahr.—Waterquench—850 Degrees Fahr. Draw) 




















Tensile Impact 







Foot Lbs. Ft. Lbs. Elong. Red 

Heat Location Absorbed Per Sq. In. 2 Inches Area 
1 1-Top Tubing 107 2449 0 $1.9 
2-Bot Tubing 124 2960 9.5 $3.9 

2 3-Top Tubing 113 2586 9.0 $6.2 
+-Bot Tubing 109 2494 9.0 $5.1 











5-Top Tubing 123 2815 9.0 16. 
6-Bot Tubing 107 2449 9.0 45.1 












7-Top Tubing 109 2494 8.5 1326 
Bot Tubing 121 2769 9.0 45.1 


oo 








Tubing 100 2348 
Tubing 103 2379 


Top 
10 Rot 


DISCUSSION 















The type of steel used for the experiment is a typical chromium 
molybdenum production alloy steel made in the electric furnace, 
where sulphur and phosphorus contents would be at a minimum. 
While these elements, along with inclusions and oxygen, exert an it- 
fluence upon banding characteristics, it seemed that normal soliditi- 
cation phenomena with the usual dendrite formation were mainly re- 
sponsible for the observed annealed banded structures after rolling 
the ingot into bars. 

A study of the photomicrographs shows that the carbon-rich 
areas are farther apart in the areas representing the lower part of the 
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Photographs of 9 by 73%4-Inch Billets, Heat 4 Annealed 15 Degrees Fahr., 


Cooled. Nital Etch x 28. 
Fig. 13—-Top Location. Fig. 14 Bottom Location 
Photomicrographs of 4-Inch Round, Heat 4, Annealed 15 g@1 Fahr., Furnace 


Fig. 15—Toy Fig. 16—-Bottom. 


ingot than the top. This condition made it necessary to use longer 


un } heating periods for the bottom portions of the ingot to obtain proper 
nace, F diffusion. While 6 hours at 2200 degrees Fahr. would suffice for 
num. the top sections, 7 or more hours were necessary to attain the same 
in m- degree of freedom of banding for the bottom portion. The simple 


iditi- - annealing treatment of 1550 degrees Fahr., followed by slow cooling, 
y -_ j brought out the banded structures in the normal hot-rolled bars, Figs. 
ling l5 and 16, but after the diffusion treatment at high temperatures the 

| umnealed structures were remarkably free of banding, Figs. 21 and 22. 
-rich ’ The tubing pierced from the normal hot-rolled bars had strong 
f the handing tendencies, Fig. 2, while that made from high temperature 
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Photographs of 9 by 7%-Inch Billets, Heat 4, Annealed 1550 Degrees Fahr., Furnace 
Cooled. Nital Etch. xX 100. 


Fig. 17—-Top Location. Fig. 18—Bottom Location. 


Photomicrog raphs of 4-Inch Round, Heat 4, Annealed 1550 Degrees Fahr., Furnace 
Cooled. Nital Etch. Xx 100. 


Fig. 19—Top. Fig. 20—-Bottom. 
treated bars was banded to a less extent, Figs. 23 and 24. The 
banded structures in the tubing are most pronounced at the inside 
wall, which would represent the center of the bar where most band- 
ing was present. The fabricating operations of piercing the bars in- 
to tubing and then annealed and cold drawing have been sufficient 
to again develop banding tendencies in the material, even though the 
original bars are remarkably free from banding after the high tem- 
perature treatment. Several samples of tubing which were pierced 
from diffusion treated bars, Heat 5, then reheated and rolled into 
tubing, are quite free from banding. In order to obtain tubing which 
was free of the banded structures, it was necessary to use the high 
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Photomicrographs of 4-Inch Round, Heat 4, After Heating to 2200 Degrees Fahr., 
6 Hours and then Reannealing from 1550:-Degrees Fahr. Nital Etch. x 28. 

Fig. 21—Top Location. Fig. 22—Bottom Location. 

Photomicrographs of Tubing After Annealing 1550 Degrees Fahr., Furnace Cooled. 
Nital Etch. X 28. 


Fig. 23—-Top Location, Original Ingot. Fig. 24—Bottom Location, Original Ingot. 


temperature heating treatments. A treatment of 2050 to 2150 de- 
grees Fahr. for four hours was sufficient to do this. 

The effects of finishing temperature of mechanical working are 
illustrated by the two samples forged hot, and cold from diffusion 
heated bars of Heat 4. The former is relatively free of banding, 
while the latter is strongly banded after a slow cool from 1550 de- 
grees Fahr. The forging temperature of the latter may have been 
low enough to permit some ferrite separation which would flow dif- 
terently than austenite and thus affect the uniformity of structure so 
that a simple anneal did not again produce proper diffusion. It is 
essential therefore to watch rolling operations when banding must be 
kept to a minimum. 
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Photomicrographs of 4-Inch Reund, Heat 4, After Heating to 2200 Deere 
Hours, and then Reannealing from 1550 Degrees Fahr. Nital Etch. < 100 
Fig. 25—-Top Location Fig. 26—-Bottom Location. 
Photomicrographs of Tubing After Annealing 1550 Degrees Fahr., Furnace Cool 
Nital Etch 100 
Fig. 27 


es 


Top Locatior Fig. 28—-Bottom Location. 


The effects of high temperature diffusion were studied from the 
standpoint of transverse tensile and tensile impact tests. The trans 
verse tensile tests were all taken from the center areas of the bars 
and, naturally, the midway position of the tubing. Usually, the top 
areas had better strength properties than the bottom. In addition, 
the ductility values were generally higher, which must be due to the 
mode of dendrite formation during solidification. These comparative 
values are shown in Table II, lines 1, 2, 3 and 4, and similarly Tables 


[If and IV, lines 1 and 2. The reduction of area is approximately 


50 per cent less at the bottom ingot locations. The high temperature 
treatments improved the ductility values of the bottom locations, but 
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Photomicrographs of Tubing Made from 4-Inch Bars, Heat 5, Annealed 1550 Degrees 
| Furnace Cooled. Nital Etch. x 100. 
Fig. 29—Tubing Made from Hot-Rolled Bars. Fig. 30—Tubing Made from High 
lemperature Treated Bars. 
Photomicrographs of Annealed Tests, 1-Inch Round Forged from Bars of Heat 4, 
Which had been Heated to 2200 Degrees Fahr. for 7 Hours Prior to Reheating for Forging 
Fig. 31—Forged Cold, Annealed 1550 Degrees Fahr., Furnace Cooled. Fig. 32 
ged Hot, Annealed 1550 Degrees Fahr., Furnace Cooled. 
The Effect of Temperatures During Forging Operation is very Pronounced 


not at the top areas, indicating the presence or lack of banding tend- 


encies had some effects, as shown by Table II, lines 3, 4, 5 and 6, 
and lines 3 and 4 in Tables III and IV. The impact tensile tests 


iollowed the same trend; the foot-pounds absorbed and the corre- 
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sponding ductility value were higher on the specimens taken 
the top portions of normal hot-rolled bars—Table VI, lines 1 and 3 
In some cases the high temperature treatment improved these 
properties indicating that banding exerted some influence when meas- 
ured under these conditions, Table VI, lines 2, 4, 5, 6, 14 and 16. 
A larger number of tests should be conducted to definitely study the 
effects of diffusion treatment upon this typical property. 

The tubing had better transverse tensile and tensile impact 
properties than those from bars, but this is attributed to some extent 
to the midway location of tests rather than direct center used on the 
bars, Table II, lines 7 and 8—Tables III and IV, lines 5 and 6—and 
Table VII, compared to Table VI. 

The results of these tests indicate that directional properties are 
still maintained in spite of diffusion treatments, and such conditions 
will be present as long as bars are rolled from ingots in one continual 
direction. The differences in directional properties of the alloy, 
studied in this report, are not a function of quality, instead they de- 
pend upon dendritic solidification in the mold which is converted into 
flow lines in the wrought bars. Mention has been made in the liter- 
ature (reference 1, appended bibliography) that oxygen was a con- 
tributing factor and that banding had not been removed by anneal- 
ing large sections due to the difficulty of removing this factor. 
Samples of bars and tubes were carburized and it was noticed that 
banding was not present in the areas adjacent to the carburized 
zones. However, it was possible to satisfactorily anneal the large 
4-inch round bars, so that banding was not found in either the car- 
burized samples or the simple annealed sections. 

An examination of photomicrographs, Figs. 13 and 14—Billets; 
Figs. 15 and 16—Bars 4 inches round, and Figs. 23 and 24—Tubes, 
all from the same heat, shows how the ferrite bands come closer to- 
gether as the section size decreases. 


CONCLUSION 


A large number of factors contributing to the formation of 
banding in steels have been discussed rather thoroughly by many in- 
vestigators. Mention has been made of the inherent solidification 
phenomena in the ingot mold and it appeared that this characteristic 
was mainly responsible for the observed banded structure of an- 
nealed sections of chromium-molybdenum S.A.E. 4130 X alloy steel 
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DISCUSSION—BANDING IN ALLOY STEEL 


and tubing. Assuming this condition, a series of experiments 

conducted by heating to various temperatures for varying 

‘ds of time to bring about diffusion. 

The results of a series of tests demonstrated that bars could be 

‘ted at 2200 degrees Fahr. for periods of 6 to 7 hours and would 

have a banded structure after reannealing from 1550 degrees 
Kahr. The top sections of an ingot required less time than the bot- 
tom areas. Tubing required still less time, but the maximum tend- 
ency for banding was still present at the inside wall, which repre- 
sented the center of the corresponding bars. Tubing made from 
bars which were free of banding, still showed a banded structure 
after several fabricating operations. A high temperature treatment 
is necessary to remove the banding from the tubing. 

The effect of hot fabrication temperatures was studied and re- 
sults of forged samples demonstrated that these temperatures must 
be kept high to keep banding structures to a minimum. 

The results of transverse tensile tests made from normal bars 
and diffustion-treated stock showed slight differences. The top por- 
tion of the ingot was invariably better than the bottom, and the high 
temperature heating improved the ductility of bottom tests from 


bars. The tensile impact test values were generally improved by 


the treatments. Additional data are necessary to definitely prove the 
effect of the high temperature treatment upon this type of steel from 
the standpoint of tensile impact tests. 

The banding observed in this type of steel is apparently due to 
the normal solidification process in the mold and cannot be attributed 
to any abnormal segregation. The wrought bars have the usual flow 
line structure and have the normal differences in directional proper- 
ties even though the banded structure is removed by thermal 
treatment. 


DISCUSSION 


Written Discussion: By Torsten Berg, metallurgist, Pittsburgh Steel 
Co., Allenport, Pa. 

Messrs. Johnson and Buechling are to be congratulated for their excellent 
paper which increases our knowledge of a very timely subject. We had a 
highly valued opportunity to follow some of the early work that the authors 
did on this subject. Since that time we have made some investigations in our 
laboratory which to a certain extent parallel the investigations presented in 
their paper. Our results, part of which were obtained on steel from some of 


1 
th 


he same heats that Johnson and Buechling worked with, give a substantial 
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TRANSACTIONS OF THE A. S. M. 
confirmation of their findings. However, there are a few points that we wonlg 
like to discuss. 

In their microscopic studies, the authors considered longitudinal 
only, but if the cross section also is taken into consideration, it will be 


une 
that the method of working the steel has a characteristic influence the 
banding. Already Oberhoffer’ pointed out that in steel which has been worked 
in one direction only, for example bar stock, the ferrite bands are shaped as 
long narrow cylinders or stringers. In material that has been worked in ty: 
0 degrees opposite directions, for example plates and sheets, the bands seen) 


in a longitudinal section are actually shaped as thin plates. Seamless tubes als, 
belong to the latter class because they are worked transversely in the piercing 
operation. We have attempted to illustrate this difference in the accompanying 
figures. These figures were obtained by cutting samples as shown by the 
sketches and polishing three surfaces corresponding to the three dimensions 
Before the polishing, the sample from the tube was flattened in order to obtain 
a section parallel to the surfaces of the tube. In the polishing operations, spe- 
cial care was taken to keep the edges and corners sharp and square. After 
etching in nital, photomicrographs showing the corners and adjoining areas 
vere taken of all the polished surfaces on the two samples. These photomicro- 
graphs at 100 diameters magnification, were then carefully fitted together, 
mounted on a cubic block, and rephotographed with a decrease of size. The 
ultimate result is shown in Figs. 1 and 2 at 60 diameters magnification, 

As illustrated by Fig. 1, 


tional orientation of the ferrite in the cross section. 


the bar stock is practicaily free from any direc- 
The tube sample shows 
banding in all three sections. The bands are longer and more distinct in the 
vertical longitudinal section than in the cross section, which conforms to the 
fact that the steel has received more work lengthwise than crosswise. It is 
readily seen that the structure obtained in the longitudinal section parallel to 
the tube surface depends upon the angle between this section and the direction 
of the ferrite plates. If this angle approaches zero, very peculiar structures 
may be seen. 

In their paper, Messrs. Johnson and Buechling point out that tubes had 
better transverse tensile impact properties than the bars from which they were 
rolled. The authors state that this may be attributed to some extent to the 
midway location of the tube tests as compared to the direct center location of 
the tests from the bars. This is undoubtedly true, but in our opinion, the main 
reason for the superiority of the tube tests is the fact that the tubes had a 
We might 


also mention in this connection that the transverse properties of seamless tubes 


banded or fibrous structure both longitudinally and transversely. 


as a rule are better than could be expected from results obtained on specimens 
cut from solid bars. 

We can confirm that annealing at 1550 degrees Fahr. followed by slow 
cooling does not cause the banding to reappear in steel that has been subjected 
to high temperature diffussion treatment. We received some 4-inch rounds 
from Heats 1 to 4 used in Johnson and Buechling’s experiments. In_ these 
rounds, which had beer diffusion treated by Republic Steel Corporation, we 


\Oberhoffer, Stahl und Eisen, Vol. 33, 1913, p. 1569-1573. 
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Fig. 1 Janding in 4-Inch Round from S.A.E. 4130 X Steel < 60. 
a! Fic. 2—Banding in 23:-Inch O.D. by 0.340-Inch Wall Tubing from S.A.E. 4130 X 
slow : | x 60. 7 
ected 
iailed to observe any banding even after the 1550 degrees Fahr. annealing had 


junds 
been repeated four times. The same rounds were pierced and rolled into tubes 


these 


with a finishing temperature of approximately 1600 degrees Falhr. which is 150 
The structure of the hot-rolled 


we 
200 degrees Fahr. above Ar; for this steel. 


naterial was of the Widmanstatten type with uniformly distributed carbides 
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and no trace of banding. Annealing below Ac; did not bring out any 
but merely caused the carbides to spheroidize. 


As soon as the anneal; 
perature exceeded Ac; the banding appeared and became more and n 
nounced with increasing temperature to reach a maximum in the range . 15 
to 1600 degrees Fahr. The reason why no bands were visible in the hot-rolleq 
tubes is the comparatively rapid cooling from the finishing temperature. which 
does not permit any separation of ferrite and cementite. In the samples 
nealed at 1500 to 1600 degrees Fahr., the banding was just as pronounced as 
in the tube samples rolled from rounds which had not been diffuson treated. 
This differs somewhat from the results of Johnson and Buechling who found 
less banding in tubes rolled from diffusion treated rounds than in the regular 
run of material. The reason for the difference is probably in the finishing 
temperatures at the hot working, which the authors have shown to have eon- 
siderable influence on the appearance of the banding. 

The forging experiments made by the authors are very interesting. They 
found no banding in a sample finished at 1800 degrees Fahr., but pronounced 
banding in another sample finished at 1200 to 1300 degrees Fahr. According 
to them, the banding in the latter may possibly be due to ferrite which has 
separated from the austenite and flowed differently during the forging operation 
This is possible at temperatures as low as 1200 to 1300 degrees Fahr., but in 
case of the tubes which were finished at 1600 degrees Fahr. it is evident that 
no separation can have taken place and we must seek another explanation for 
the reappearance of the banding. The most plausible theory is the one orig- 
inated by Le Chatelier and Bogitch’,’ according to whom the banding is caused 
by irregular distribution of oxygen in the steel. It seems to us that it would 
be of interest to see if the evidence procured by Johnson and Buechling and by 
us is in agreement with this theory. The most complete data on oxygen in 
solid iron have been given by Ziegler* and while there appears to be some doubt 
about the reliability of his figures for temperatures below 1400 to 1500 degrees 
Fahr., they are the best available and we will use them here. It should also be 
mentioned that Ziegler worked with pure iron-carbon alloys and not with 
commercial steéls. However, we believe that his data give an indication of 
what would take place in a steel of the latter type. According to Ziegler, the 
solubility of oxygen in iron-carbon alloys of medium carbon content is ap- 
proximately 0.006 per cent at 1800 degrees Fahr. It decreases rapidly with 
decreasing temperature to reach a very low value at about 1480 degrees Fahr. 
From 1480 degrees Fahr. down to room temperature there is little change in 
the solubility. We will assume that our chromium-molybdenum steel has a 
soluble oxygen content of 0.006 per cent and that this oxygen has been uni- 
formly distributed, for example, by means of high temperature treatment. If 
this steel is hot-worked, no changes will occur until the temperature falls below 
1800 degrees Fahr., but between 1800 and 1480 degrees Fahr. practically all of 
the dissolved oxygen is thrown out of the solid solution. 
two additional assumptions. 


We must now make 
Inasmuch as there was no visible form of oxygen 
present in the ferrite bands, we must assume that the oxygen precipitate is ol 


4 hee 
8Thompson and Willows, Journal, Iron and Steel Institute, Vol. 124, 1931, p. 151-17 
‘Ziegler, TRANSACTIONS, American Society for Steel Treating, Vol. 20, 1932, p. 73-84 


/ 


*Le Chatelier and Bogitch, Comptes Rendus, Vol. 167, 1918, p. 472 
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oscopic size. We will also assume that the oxygen is precipitated in 
istenitic grain boundaries or along certain crystallographic planes. This 
vive us unequal distribution of oxygen, but it is evident that there would 
handing if the steel were not subjected to hot working. The working 
‘tes the steel and produces in the finished product stringers or plates of 
n-containing material. If this steel is cooled slowly from the finishing 
nerature or if it is reheated and cooled slowly, the cementite separates from 
parts rich in oxygen and we have a banded structure. Had the hot working 
completed above 1800 degrees Fahr., no banding could have appeared. 
‘ther would it be possible to produce banding in a diffusion treated steel by 
ny unaccompanied by working. 


The above speculations are based upon several more or less uncertain as- 


sumptions and it is hardly necessary to point out that much experimental work 


‘< required to bring forth the lacking evidence. However, the oxygen theory 

es seemingly furnish a simple explanation of the facts observed by Johnson 
ind Buechling and by us, and by presenting our speculations, we might possibly 
stimulate further work on this problem. 

W. B. Crowe:® I would like to ask the speaker what size ingot he used, 
nd would like to know whether it increased tendency to banding at the bot- 
tom of the ingot, and whether the large end was down in the ingot. 

Leo. Scuaprro:” I would like to ask Mr. Johnson two questions. He 
specifically mentioned that ihe steel he talked about was electric furnace steel 
very low in phosphorus. I took that to mean that phosphorus was not the 
cause of this banding. In finding out that on heating for 4 hours at 2050 degrees 
Fahr. maximum the steel was free from banding, he spoke of the term “uni- 
form diffusion,” and I would like to ask him what he believes has uniformly 
diffused to eliminate the banding. 

In talking about the difference in banding at the top and bottom of the 
ingot, and then in talking about the bar section he mentioned a greater amount 
of banding in the center section. I would like to ask whether he meant the 
center section or cross section of the bar, or the central portion of the ingot. 

CHAIRMAN J. L. McCroup:' It seems to me that one very interesting 
point that Mr. Johnson has brought out is the fact that while he succeeded in 
doing what he set out to do, of removing the banded structure, the potential 
banded structure still persisted and under certain conditions of treatment it re- 
turned. Also, it seems to me quite interesting and significant that while he 
succeeded very well in removing the banded structure as determined micro- 
scopically, still his improvement in physical properties, as brought out by the 
physical properties in the paper, are probably not commensurate with the im- 
provement in the microstructure. 

[ would like to ask Mr. Johnson if in reality the problem is not one of 
improving the physical properties of material in the transverse direction, and on 
the assumption that the banding is the real nigger in the wood pile, you attack 
the problem from the standpoint of elimination of the banded structure, and 


*Metallurgist, Carnegie Steel Co., Pittsburgh. 
*Research engineer, Illinois Steel Co., Chicago. 
"Ford Motor Co., Detroit. 
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still have something to do in the real improvement of the physical 
in the transverse direction. Is that not so? 
H. H. Relative to what the chairman has just sai 


had in mind to ask Mr. Johnson if he had noticed that this banded stru 


ASHbDOW em 






responded in any way with the dendritic structure frequently occurring 


steels. The dendritic structure under certain conditions of mechani 


\ 








and heat treatment seems to disappear but on a further low tem 


treatment will show strong evidence of reappearing; the primary dendriti 
figuration appears never to be entirely destroyed which may be due to t! 
fine inclusions often to be found along the dendritic boundaries divorcing 
carbides. 

I have seen several instances where the banded structure has been 


dent with the flow line boundaries of the dendrites. 





would 


like 





With regard to the banded structure, | 


to ask 


Mr. 


Johi 


cm 


whether he has given his specimens a subsequent low temperature treatment 
It has been my experience that where the banded structure has disappeare 
after a heat treatment at 1550 degrees Fahr. by again reheating to a temper: 
ature of around 1050 to 1100 degrees Fahr. the banded structure has rea; 
peared. 

Authors’ Closure 


16 inches 


weighing approximately 2600 pounds, and the large portion of the ingot w 


Vas al 


In answer to Mr. Crowe's question; the ingot size was 13 by 
the top. The paper shows that the banding tendencies are more pronounced at 
the bottom of the ingot. 

The questions raised by Mr. Schapiro are very pertinent. We felt that tl 
steel had a low phosphorus content and that banding was therefore not due t 
this element. We do not know what has diffused so that the ferrite and carbo 
areas separate uniformly after long time heating at the elevated temperatures 
In the paper we show that the bottom portion of the ingot has a different 
microstructure than the top portion, both in the billet and bars. 


areas are farther apart at the bottom. 


The carbor 
All of our samples were taken fror 
the center of the cross section. The cross sections were taken at different 
cations in the ingot as brought out in the paper. 

In answer to Mr. Ashdown’s question we feel that dendrites were pres 


and that their mode of formation is a contributory factor toward banding. \W\ 





observed at very low magnifications, the characteristic flow lines which probabh 
resulted from the dendrites. 





Even though banding may be removed by the hig! 











temperature treatment, we still have the characteristic flow-line structure. \ 
Fahr., to see if banding would be revealed. We felt that slow cooling tron 
1550 degrees Fahr. would certainly bring out any banded structures. 

We agree with Mr. McCloud’s statements. 

We wish to thank Mr. Berg for his excellent discussion, and we are ex 
tremely interested in the possible cause that he has advocated. We realiz 
cementite and, thus, its presence in certain forms may effect ferrite separatio! 
from austenite, as suggested by Mr. Berg, and so produce banding. 





*Metallurgist, Westinghouse Electric and Manufacturing Co., East Pittsburgh, Pa 


did not anneal any of the specimens at low temperatures of 1050 to 1100 degrees 


that oxygen probably plays a very important part in the rate of diffusion o! 
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SENSITIVITY OF THE GAMMA-RAY 
METHOD OF RADIOGRAPHY 

























By Joun T. NorTON AND ALFRED ZIEGLER 


Abstract 





Blocks of iron of various thicknesses have been 
radiographed using a capsule of radon as the source of 
gamma-rays. The thickness of each block was varied in 
reqular steps and the optical densities of the resulting 
films were measured by means of a densitometer. From 
these measurements, the sensitivity of method, which was 
defined as the change in thickness necessary to produce a 
2 per cent change in film density under certain specified 
conditions, was calculated. The results show that im the 


region from 2% to 6 wches of iron, the sensitivity is 


nearly constant at a value of about 1.3 per cent. 


URING the last few years the gamma-ray method of radiog 
D raphy has come into considerable practical use, due largely 
to the development work of Mehl’ and his associates. In discussing 
this method, it is often stated that, because of the very short wave- 
length of the gamma-rays, the contrast in the resulting radiograph 1s 
less than when X-rays are used, and that this lack of contrast lessens 
the ability of the method to show up the smallest defects in the ob- 
ject examined. The purpose of the present investigation is to ex- 
amine in detail the sensitivity of the gamma-ray method over a con 
siderable range of thicknesses. 

Radiography, by either gamma-rays or X-rays, is able to show 
the presence of defects in the object examined because these defects 
represent an actual change in thickness of the material through which 

E the rays pass. The sensitivity of the radiographic process must 
S) therefore be measured by its ability to detect small differences in 


thickness. This measurement is made by observing changes in the 






Barrett, Gezelius and Mehl, Metals and Alloys, Vol. 1, 1930, p. 872. 


Mehl, Doan and Barrett, TRANSACTIONS, American Society for Steel Treating, Vol. 18, 
0. p. 1192 
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blackened portion of a photographic film so that the sensiti, 


















be defined as the change in thickness which will produce a 


cifie 

change in the blackening of a film under certain specified condition: 
No units for describing the sensitivity have been general) 
adopted although many of the factors which modify the sensitivity 


have been discussed in some detail by Berthold.” Consequently jn 
the present work the sensitivity has been arbitrarily defined as tha 
change in thickness, expressed in terms of the total thickness of the 
object, which will produce a change in density of the film of two 
per cent. This definition is not complete without a specification of 
the conditions under which the exposure is made. In the present 
work these conditions have been fixed as follows: 


Area of source is small compared with source-to-film distance: 

(2) Area of object illuminated is large compared with thickness oj 
object. 

(3) Exposure is such that density of the film is between 1.0 and 1.5 

(4) “Eastman Duplitized” X-ray film is used with double Eastma 
standard X-ray intensifying screens. 

(5) Developing and finishing of the film is carried out according 
to the process recommended by the makers. 
These conditions seem rather numerous, but each one has an 
important influence on the sensitivity. The area of the source must 
be as small as possible because it has a profound influence on the 
sharpness of the picture as well as on the contrast. In actual prac- 
tice, this condition is fulfilled because the radioactive substance is 
contained in a small capsule. The area of the object which is illumi- 
nated by the rays determines the amount of scattered radiation falling 







upon the film, and this scattered radiation materially reduces the 
sensitivity of the method. In the usual radiographic problem a con- 
siderable area is examined in each exposure. An exposure which 
will give a film density in the region between 1.0 and 1.5 is chosen 
for two reasons. First, because this range falls upon the linear por- 
tion of the characteristic curve of the film-screen combination which 
means that slight changes in exposure do not change the sensitivity 










thus permitting films anywhere in this range to be compared. In 
the second place, the eye is most sensitive to small changes in density 
when the average value is about 1.0. 

If the scattering of the radiation within the object be neglected, 
it can be shown that the change in thickness necessary to produce a 
definite difference in density is independent of the thickness of the 

















*Berthold, Grundlagen der Technischen Rontgendurchstrahlung Barth, 1931. 
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ct, but depends only upon the nature of the material and the 
e-length of the radiation employed. If this condition could be 
‘oletely realized, it would mean that the percentage sensitivity 
uld improve in proportion to the thickness, but unfortunately 
attering of the radiation in the interior of the object is always 
-esent. This ideal condition may be approximated by the use of a 
very small illuminated area, but in actual radiography it is seldom 
oractical to examine an area as small as 1% of an inch in diameter at 
each exposure. The presence of the scattered radiation causes a 
veneral fogging over the film, and although this reduces the exposure 
necessary to produce a given density, it also reduces the contrast in 
the same way that fogging reduces contrast in ordinary photography. 
X-rays and gamma-rays differ in two important characteristics. 
[he wave-length of the X-radiation used for radiographic purposes 
is much greater than the value for gamma-rays. Consequently, if 
scattering were neglected, the contrast which is a function of the 
wave-length would be greater for X-rays than for gamma-rays re- 
vardless of the thickness of the object. The scattering is present, 
however, and in this respect the two kinds of rays differ markedly. 
In the case of gamma-rays, the scattering is closely confined to the 
line of the direct beam while in the case of X-rays the scattering 1s, 
to a much greater extent, in directions which make large angles with 
the primary beam. Considering only the scattering, its effect would 
be less detrimental to the contrast in the case of gamma-rays. Thus 
it will be seen that although the gamma-ray method has a smaller 
potential sensitivity, this sensitivity is not as seriously impaired by 
the ever-present scattering as is the case with X-rays. It will be 
interesting to observe in the experimental results the way in which 
these two factors influence the practical sensitivity of the method. 


EXPERIMENTAL WorK 


The experimental work consisted of the preparation of radio- 
graphs of steel blocks of different thicknesses and the measurement 
of the optical densities of the resulting films. A number of blocks 


of low carbon steel were prepared, four inches square and of vari- 
ous thicknesses from one-half to four inches. By properly com- 
bining these blocks, any desired thickness up to ten inches could be 
made. In order to produce small changes in thickness, several blocks 
were cut into a series of steps, each step being one-eighth of an inch 
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high and three-quarters of an inch wide. When a stepped bl. 
combined with one or more of the flat blocks, the result was 
ject whose thickness varied by definite increments, and ea 
produced a definite density on the radiograph. 

The blocks were radiographed using a small capsule containi; 
100 milli-curies of radon (radium emanation). On the back of eae! 
block was fastened the photographic film, the two intensifying 


screens and a heavy sheet of lead to protect the back and edg 


Ves | 


the film. The exposure times were kept constant at fifteen hours 
and the exposures were adjusted by varying the distance between th 
preparation of radon and the film. Experiments were made to 
termine the proper exposures so that a film density between 1.0 and 
1.5 could be obtained when double intensifying screens were used 
The screens were standard Eastman intensifying screens for us 
with X-rays. Eastman duplitized X-ray film was also employed 
The films were developed at constant temperature and constant tinx 
in a standard X-ray developer. Under these conditions the ex 
posures agreed closely with the values given by Mehl® for some 
what different experimental conditions. Fig. 1 shows the exposures 
used. These values are considered as the normal exposures. 

After finishing, the films were measured on a Martens polarizing 
densitometer. From the measured values of the density was sub 
tracted the density of the film base and emulsion as measured on the 
unexposed portion of the film so that the values reported represent 
the blackening due to the gamma-rays only. For each step of each 
block, a number of readings were taken and averaged. ‘These values 
were then plotted against the corresponding thickness. Fig. 2 shows 
a typical plot of a single block, and it will be observed that the points 
lie on a curve which is practically linear. 

In all of the results reported, the stepped blocks were so placed 
as to be in the center of the thickness being studied. For instance, in 
examining a sample 4% inches thick, the stepped block was placed 
between two blocks each two inches thick which gave a total thick 
ness varying from 4% inches to 4% inches. This was done to 
simulate the most general condition of radiography where the defect 
is near the center of the object. If the defect is near the film the 
sensitivity of the method is improved, and if it is toward the side 
of the source of rays, the sensitivity is considerably poorer. Th 
condition used represents a mean value. 





SMehl, Joxrnal, American Society Naval Engineers, Vol. 43, 1931, p. 371 
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rhe immediate experimental results consisted of a series of 


for each block representing the values for each step. For 


ties 
hlock these densities were plotted against the corresponding 


nesses. The resulting curves, of which Fig. 2 is typical, are so 
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MOINS 
Fig. 1-—Distance Between Source and Film 
to Give a Density of 1.0 Using 100 Milli-curies 
laced of Radon and an Exposure Time of 15 Hours 
ce, 1 : ; 
ee nearly straight that a measurement of the slope can be carried out 
raced piwa ‘ a . ° : 
ict quite precisely. This slope, expressed in terms of the change in 
CK . 
4 thickness necessary to produce a change in density ot two per cent, 
ec U . ‘ : e . ° 
Lifect was considered to correspond to the mean thickness of the block. 
Cie , . . . -* ro 
i (hese values are plotted against the thickness in Fig. 3. The slope 
“| divided by the total thickness and multiplied by 100 gives the per- 
S1die ? . < 
Th a centage sensitivity, and these values, plotted agalnst the thickness. 
e - : 


ie 


are shown in Fig. 4. 


It is unfortunate that lack of funds for the renting of radon 
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made it impossible to investigate a greater range of thicknes 
some other materials in addition to iron. It is hoped to ext 
work in the near future. 


DISCUSSION AND CONCLUSIONS 





The curves representing the sensitivity show some very inter- 
esting features. In Fig. 3 for very small thicknesses the difference 





in thickness required to produce the desired change in blackening ; 


\ 


nearly constant. At about 2% inches, however, it begins to rise 
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Fig. 2—Typical Plot of Density Against Thick- 
ness for a Single Block. 


















rapidly and increases almost linearly with the thickness up to the 
limit of the experiment. This increase is obviously due to the in- 
crease in scattering of the gamma-rays within the metal. As the 
thickness increases, the volume of metal illuminated increases and it 
is this volume which is the source of the scattered rays. This scat- 
tering is a necessary part of the process and its detrimental effect on 
the contrast cannot be materially reduced. 

When the results are plotted in terms of percentage change in 
thickness, the curve takes on a quite different appearance. Expressed 
in this way, the sensitivity improves materially up to about 2% 
inches, and then becomes practically constant at a value of about 
1.3 per cent. It is a matter of choice whether one defines the sensi- 
tivity in terms of the actual change in thickness or in terms of per- 
centage of the total thickness. The latter has been chosen by the 
writers because it has received some general adoption in the field 
of X-ray radiography, and because in the practical working ranges 
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‘cness for both gamma rays and X-rays this value remains 
constant. 
would be interesting to compare the sensitivity of X-rays 
camma-rays under similar circumstances, but unfortunately no 
exact data are available for the X-ray field. Berthold has described 
me results without defining the condition under which they were 
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Fig. 3—Difference in Thickness Fig. 4—Percentage Difference in Thick- 
Necessary to Produce a Difference ness Necessary to Produce a 2 Per Cent 
in Density of 2 Per Cent Plotted Difference in Density Plotted Against Total 
Against Total Thickness. Thickness. 

obtained. Calculating from his observations, one finds that at 200 
kilovolts, the sensitivity for iron between 34 inch and 2.5 inches is 
nearly constant at 1.4 per cent, a figure which agrees quite well 
with the results on gamma-rays. 

At the present time, experiments are under way using X-rays 
ranging from 150 to 300 kilovolts, and covering a range of thick- 
ness of iron from % inch to 4 inches. The experimental condi- 
tions will be identical with those used in the gamma-ray investigation, 
and the results should be strictly comparable. 

It may seem that the choice of a 2 per cent change in density 
in the region between 1.0 and 1.5 is rather arbitrary, but this was 
done because no two people can agree as to the smallest change in 


density which is just visible, and some definite quantity is necessary 
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for purposes of comparison. Nearly everyone will agre¢ 


change of 2 per cent is definitely visible if the change is 


lf the conditions under which the radiograph is taken are such th 








lal 
the image is not sharply defined, the sensitivity as observed ties 
seems much reduced because the eye makes relative observations 
of the densitv. When a densitometer is used, however, the obs rva 


tions are absolute rather than relative, and provided the areas ex 


Little 
influence. Under the present experimental conditions, the steps were 


amined are fairly large, the sharpness of the image has very litt! 


44 of an inch wide and measurements in the center 4 inch of this area 


were independent of any effect of broadening of the edge. 





\ word should be said about the relative merits of standard 
Huorescent intensifying screens and lead screens. If the proper 
thickness of lead (O.O1 inch) is used, the lead screens are almost 













as fast as the fluorescent screens and give practically the same sen 
sitivity. Because of their cheapness, they will undoubtedly be used 
in general practice. They are very sensitive to handling, however, 
and creases or dents will often show plainly on the radiograph. Spe 
cial fluorescent screens are now being developed which are much 
superior in speed to the lead screens, and these will undoubtedly 
find a wide use in gamma-ray radiography, for if one is paying for 
radon by the hour, a short exposure 1s important. 

The present work has shown that the use of radon for gamma 
ray radiography offers a very practical solution to the problem oi 
the radioactive source. This is particularly true where a_ limited 
amount of radiography is to be done and where a large capital expend 


iture is not possible. This material is easy and quite safe to handle, 









can be obtained in the proper strength for the job at hand at ex 
actly the time when it is needed and eliminates the problems otf 
storage and possible theft. 

The importance of the gamma-ray method of radiography de 
pends upon its ability to detect the presence of small defects in the 


object examined. In order to place this ability on a quantitative 






basis, the sensitivity of the method has been defined as the change 
in thickness which is necessary to produce a definite change in film 


density under specified conditions. The sensitivity has been studied 






experimentally by radiographing blocks of iron of various thick 
nesses, using a capsule of radon as the source of gamma-rays. The 
results show that when the sensitivity is expressed in a percentage 


of the thickness of the object it has a nearly constant value in the 
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from two inches to six inches, which is in the neighborhood 






3 per cent 






DISCUSSION 










Written Discussion: By Herbert R. Isenburger, St. John X-Ray Sery 
poration, New York City. 
rhe authors have ably presented some interesting research work. 







it is unfortunate that the conditions under which the tests were made were 





rimental rather than such as occur in routine practice. Although we pre 





to use radon on account of the smaller container, this material is not always 





-ailable in sufficiently large quantities when and where it is needed, and for a 





reer job it must be purchased outright since its half-lifetime is not quite four 





Usually we have to rent radium capsules as used for medical treatment, 






vhich give a much broader focus than the radon source employed for the 





sensitivity tests. The finer the focal spot the better definition and contrast in 






the resulting negative. 
\nother condition which does not equal routine requirements is the loca 





on of the artificial defect. Thus the Boiler Construction Code of the Ameri 





; can Society of Mechanical Engineers specifies that a piece of sheet steel ot a 





thickness equal to 2 per cent of the base plate and containing a hole shall be 





placed over the boiler plate on the far side ot the film, i.e., on the surface to- 






ward the source ol radiation. It is easier to detect defects closer to the film, 





articularly in thick material such as considered in the present tests. 


In order to understand fully the significance of results based on density 





measurements, it may be well for the layman to know something more about 





the physical principles. Suppose we have a step made up of lead foil such as 





described in our recent paper on “Relative Merits of Film and Paper for In- 
dustrial X-Ray Work,” A.S.T.M. Advance Paper No. 74, 1933, an exograph 
of which is illustrated in Fig. 1, page 4. The actual density of each step has 







been measured by means of a Martens densitometer. The results are plotted on 





a vertical axis and the time of exposure (according to Hurter and Driffield in 






logarithms) on the horizontal axis. In Fig. 1 we see the general form which 





such a curve will take. Starting horizontally it will, at a certain value for the 





time of exposure, rise more or less steeply till at a greater length of exposure 






it again becomes horizontal. The initial horizontal piece is given by what is 





known as the threshold value for the film, a condition which is indicated by the 





presence of the smallest perceptible density’ of fog on the unexposed parts of 






the film. This threshold value which is different with each film, as we will see 





later, has been deducted by the authors from their density readings. 





The inclined part of the curve is the piece which interests us from a radio- 






graphic point of view. It is known as the “gradation” of the film. It is in 
\ccording to Neeff, 







this region where we obtain our image on the negative. 








Density (d) is defined as the logarithm to the base 10 of the ratio of the radiation 
ident on a photographic deposit (io) to the radiation transmitted by that deposit () 
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Glocker and Widemann the best suited density is 0.7, and other invest 
with more practical experience claim that 0.5 1s more satisfactory, becau 
human eye is most sensitive to contrast in a lighter area. According {| 


experience, we are tempted to prefer the 0.5 density to the 1.0 density 


the authors have used, because we know that the detectible contrast is bet 
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the lower region. All of these considerations do not include the usual fogging of 
the negative on account of scattered radiation which increases greatly with the 
thickness of the material. 

The steeper the gradation of the curve the better the contrast in the film 


The position of the steep piece with respect to the vertical axis is therefore a 
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Fig. 2—Density Curves of Du Pont 


Film with Gehler Screens and Eastman 
Film with Eastman Intensifying Screens. 


measure of the sensitivity. In Fig. 2 we have the approximate curves corre 
sponding to the two film-screen combinations used in the authors’ and in our 
own tests. It becomes evident that our combination is the more suitable for 


X-ray work. 
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rum. 2 


Up to this point we have considered variations of quantity or intensity of 
X-rays and have tacitly assumed that the quality or penetrating power has 
remained constant. This depends on the wavelength of the radiation. Long 
wave rays are more heavily absorbed both by the material under investigation 
nd by the emulsion of the film than short ones. The latter produce less con- 
trast and a flat picture, whereas long wave rays give better contrast and 
sharper outlines. Our own tests have shown this and the present investigation 
confirms and extends our findings into the gamma-ray wave zone. Fig. 3 shows 
our original charts extended by correlating the authors’ Fig. 2 to our test 
conditions, although they were obtained on different material—we have chosen 
lead for our tests, because this material has the least scattering and is there- 
lore best suited for density measurements—and with different qualities of film 

the deducted threshold value in the gamma-ray tests includes fog ci account 
scattered radiation. We would like to know, how the authors established 
value for the entire range of thicknesses. 
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In doing so, we extend the steel chart’s vertical axis to 10 inches 
horizontal lead axis to about 1 inch. We take the authors’ points of 5 + 
and 5.75 inches of steel from their Fig. 2, which, by the way, should 


logarithmic scale, and bring these up, in line with our density curves. 


nect the three points on our logarithmic scale and extend the line into both a; 
rections. It crosses the density 2.00 which we consider the upper li 
normal density at the corresponding point for 3.5 inches of steel The rma 


density at 0.7 corresponds to a thickness of about 7.5 inches of steel, 


the lower limit of normal density (about 0.4) falls in line with about 9.5 


of steel. According to our arbitrary curve the effectiveness of gamma-rays 
they were considered in the authors’ tests, extends over a region of six inches 
as compared to X-rays excited by 230,000 volts extending over 1.5 inches on! 
\s mentioned before, we do not consider the factor of scattering which wil! 
greatly reduce this spread. Scattered radiation will also reduce the contras 
in the negative. On account of this the sensitivity below 1.0 density il a gan 
magraph is questionable. 

heoretical consideration tells us that a 2 per cent marker as described 
above will only show up in a gammagraph which has been obtained under 


routine conditions on thicknesses above 6 inches of steel. It has been our ey 
perience that below 2 inches we obtain poor contrast and below 1 inch no defi 


nition of defects within the material. Above 2 inches and up to 3 inches w 


may get a 5 per cent marker. Contrast and definition improve gradually wit! 
increased thickness, but are not up to the required standard below 6 inches 
steel. It may be improved by using a fine focal spot such as the one employed 
by the authors. 

Written Discussion: By Norman P. Goss, Cold Metal Process ( 
Youngstown, Ohio. 

(he authors have presented a fine contribution to the art of gamma-ra) 
radiography. It is of great importance because they have made an attemp 
to work out a method which will detect small differences in thickness, by ob- 
serving the change in the blackening of an X-ray film under certain conditions 
lo my knowledge no one has ever approached the problem in this manner 

The authors have also pointed out the conditions which must be fulfilled 
in order that accurate results may be expected. There is one point which | 
think has never been settled—the variations in the sensitivity of different X- 
ray film in that the sensitivity apparently changes for different emulsion num 
bers, and it also has been shown by many investigators that even though 
developing and finishing of film is carried out under the standard conditions, 
the blackening of the film is not always the same simply because the relation- 
ship between exposure time and breaking down of the silver bromides is not 
a straight line relationship. 

The authors have pointed out the importance of internal scattering which 
takes place in the metallic structure to be X-rayed. It would seem to me more 
work must be done along these lines in order to determine the effect of this 
internal scattering with respect to wavelength and the nature of the material 
being investigated; i.e., what percentage of the total blackening of the film 1s 
due to this internal scattering. 
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lieve that the gamma-ray should prove most useful in the field where 
ty wavelengths are too long and cannot penetrate objects of consider 
ickness. In other words, the gamma-ray method would begin where the 
method ends. 
Written Discussion: By Fi. H. lester, research physicist, Watertown 
ial. Watertown, Mass. 
xact data regarding radiographic sensitivities are much needed in prac 
ipplications of this method of testing. The authors are to be congratu 
for having made a really scientific approach to the problem of gamma-ray 
itivity. It is hoped that the promised extension of their study to X-ray 
tivities will be made in the near future. 
Cheir definition of sensitivity is rational. It involves the thickness of the 
terial and the change in film density. The change of 2 per cent in film den 
hecomes the unit of sensitivity. A difference of this amount can be 
rected by a measuring instrument with reasonable accuracy The selection 
is quantity as that which is apt to be detected by visual inspection ties 
results in with usual practice since in most commercial applications any 
than visual inspection 1s impossible. 
lhe correlation between photometric and visual determinations is however 
apt to be very close for reasons pointed out in the paper. Visual detection 
differences in image density depends quite largely upon sharpness of defi 
ition. In the opinion of the writer, based upon considerable experience in 
reading X-ray films, the size and shape of the image are also contributing fac 
rs. An image of a cavity 0.5 inch in diameter might be detectable where one 
equal density but only 0.05 inch in diameter might not be. Similarly, a 
for instance the image of a crack, can be picked up more readily than a 
pot of equal photographic density. 
The fact that gamma-ray sensitivities increase in value with the thickness 
the metal as shown in Fig. 3 is quite interesting. It appears, for instance, 
hat cavities can be detected in 1l-inch plate where the lineal dimension in the 
lirection of the radiation is 2.5 per cent of the metal thickness and in 4.5-inch 
plate where the lineal dimension is only 1.3 per cent of the plate thickness 
It will be interesting to find whether a similar relation holds for X-rays. The 
experience of the writer indicates that for the latter case the results are quite 
ditterent. 
fests made with visual observation showed a possibility of seeing images 
where the cavity was less than 0.5 per cent of the metal thickness in 14 inch 
teel plate, about 1 per cent of the metal thickness in 1-inch plate, and around 
per cent in plates of greater thickness. These results were obtained with 
the artificial cavity on the side of the plate remote from the film. Under these 


mditions there is loss of definition. This loss would account for part of the 


vhich lifficulty of detection. It is probable that the photometric method would yield 


mse quite different results because of this fact. However, the visual method must 
this used in practice and under conditions of relatively poor definition. 
terial Written Discussion: By Robert F. Mehl, director, metals research lab- 
im 1s Ey ratory, Carnegie Institute of Technology, Pittsburgh. 


(his welcome paper by Messrs. Norton and Ziegler is being presented 


Hot 


three years after the presentation of the original paper on gamma-ray 
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radiography, also before this Society." During this three-year period n 


been written on the subject in this and other countries. Much good 










has been done, and the method has found practical use. It may be int 
at this time briefly to review this progress, and in a few words to re ‘t 
present status. 

The first attempt to use gamma-rays for the detection of defects in me 
was made by A. E. Outerbridge’ in 1904. This attempt was unsuccessful only 


be- 
cause of the low state of radiographic technique at the time. The Russian work 
followed twenty-four years later, and was published shortly before the work 


presented here three years ago; the Russians discovered little usefulness j, 


fF 















the photographic technique, and considered ionization methods more sensitive. 
or at least more practical. Subsequent research has not confirmed this finding 

Following the original publication by Mehl, Doan, and Barrett several 
additional papers appeared from the Naval Research Laboratory‘ outlining 
in more detail the proper technique, giving exposure curves, analyzing the 
physics involved, and illustrating practical applications drawn chiefly from 
Navy practice. With the sensible completion of the work in this Laboratory 
a radium radiographic service was organized in the Navy and for several years 
has been active both in foundry practice and in steel castings research. 

The work was done by Berthold and Riehl® shortly after the original 
publication in this country is worthy of special mention. As the source for 
gamma-rays, these workers used Ra emanation, radium, and technical meso- 
thorium containing approximately 30 per cent radium (either sulphate or 
bromide). By absorbing the emanation on active charcoal they obtained even 
smaller radiating volumes than the American workers. The rate of film 
blackening, with different types oi film and enhancing screens, the exposure 
curves for large and small irradiated surfaces, the sensitivity, and the German 
costs were all discussed in detail. Subsequent to the publication of this work 
the information available on the subject, from both the practical and scientific 
points of view, was summarized in an excellent article by F. Luft.’ These 








German workers pointed out the various advantages and disadvantages in- 











1R. F. Mehl, G. E. Doan, and C. S. Barrett, “Radiography by the Use of Gamma 
Rays,’ TrRaNsAcTIONS, American Society for Steel Treating, Vol. 18, 1930, p. 1192-1237. 














“A. E. Outerbridge, Journal, Franklin Institute, Vol. 157, 1904, p. 311. 







8Science News Bulletin, February 24, 1928. 














‘C. S. Barrett, R. A. Gezelius, and R. F. Mehl, Metals and Alloys, Vol. 1, 1930, p 
872-879; Radiology, Vol. 16, 1931, p. 461-477, 508-536; R. F. Mehl, Journal, American 
Society for Naval Engineers, Vol. 43, 1931, p. 371-395; R. F. Mehl, Iron Age, Vol. 127, 
1931, p. 1651; R. F. Mehl, Transactions, American Iron Steel Institute, May 19, 1932; G. 
E. Doan, Transactions, American Society for Steel Treating, Vol. 19, 1932, p. 752-767. 




















5C. W. Briggs and R. A. Gezelius, Transactions, American Foundrymen’s Association, 
July 1931. 











®R. Berthold and N. Riehl, Zeitschrift des Vereins deutscher Ingenieure, Vol. 76, 1932, 
p. 401-406; R. Berthold, Fortschr. Réntgenstr., Vol 46, 1932, p. 18; N. Riehl, Zeitschrift 
fiir Elektrochem, Vol. 38, 1932, No. 13. 


*F. Luft, Ergebnisse der technischen Réntgenkunde, III. Wechselwirkung zwischen 
Rontgenstrahlen und Materie, Leipzig, 1933, p. 145-161. 
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in gamma-ray radiography, with little in addition to that recognized in 
untry; such discussions have become so prevalent as to need no repeti 
re. 

‘ecently Pullin in England* and Isenburger in this country’ have prepared 

camma-ray radiographs of various objects, again discussing advantages 
isadvantages. 

The real usefulness of the method will depend (to be brief) on the prac- 

advantages—ease of manipulation, the cost, and the quality of the radio- 

phs, especially with respect to sensitivity. The contrast in gamma-ray radio- 
¢ 1s is not so pronounced as in X-ray radiographs. The film is not so 
‘tractive in appearance, and this has led to some adverse criticism, but it 
would seem that this is an aesthetic rather than a technical criticism. The 
better course is that adopted by Professor Norton, a quantitative determination 
of sensitivity under precisely defined conditions. 

The lower contrast in gamma-ray radiography in comparison with X-ray 
radiographs, originating in the lower absorption coefficient of the gamma-ray, 
must lead to a lower sensitivity in the recognition of defects. Research has 
shown this to be the case under comparable conditions.” *‘ A number of 
factors are important in setting the lower limit of thickness which may be 
detected with certainty. As Professor Norton points out, it is necessary first 
to adopt some difference in film density as the criterion; he has adopted a dif- 
ference of 2 per cent in the absolute blackening, in common with the German 
investigators, as the smallest difference in absolute density which can be rec- 
ognized with certainty by the eye in the useful range of absolute blackening, 
between 0.7-1.5. With this criterion decided upon, the minimum thickness dif- 
ference which may be thus detected will be determined by the nature of the 
film, enhancing screens and development used, by the area of the test block 
radiographed (a factor because of the effect of scattering), and by scattering 
from surrounding objects. Of these three factors the first appears to be very 
important, the second of less importance, and the third at present of uncertain 
importance because of lack of proper study. 

The sensitivity values found in this paper may be compared to those de- 
termined by Berthold and Riehl with interesting results. Berthold and Riehl 
found that a thickness difference of 4-5 per cent can be determined in the range 
of one to four inches of total thickness (Fig. 6). Against this value the pres- 
ent authors find for the same range of thickness a minimum thickness difference 
of approximately 3 per cent, falling off very rapidly with increasing total 
thickness to 1.3 per cent at which it remains constant up to six inches. This 
latter value is in rough agreement with the value of 2 per cent originally given 
by Mehl, Doan, and Barrett under somewhat comparable conditions. 

The difference between these two sensitivity curves is great. It seems 
quite certain, however, that the origin for the difference lies in the different types 
of film and enhancing screens used in Germany and in this country. The rate 


‘V. E. Pullin, Engineer, May 6, 1932. 


H. R. Isenburger, American Society for Mechanical Engineers, September 22, 1931. 


MR. Berthold, Grundlagen der technischen Réntgendurchstrahlung, Barth, Leipzig, 1930. 
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of photographic blackening on Eastman films, used with Eastman , 
screens. is much faster in the useful range of blackening than that of + 
film used with Phonix screens, judging from the slope of the blackeni; 


) 


published by Berthold and Riehl (Fig. 2);:° this increased slope den 


increased sensitivity for defects. The positi n of the blackening curve 
Eastman film, however, is in the direction of greater times of expos 
equal blackening,—apparently we may conclude that the Agfa combinat; 
affords the shortest exposure times with diminished sensitivity, while th: 
man combination affords the greater sensitivity with increased exposur: 
the first should be used where speed and cheapness are important, and tl! 
ond when high sensitivity is required. 

Both Messrs. Norton and Ziegler and Berthold and Riehl used 
films with two enhancing screens in their determinations of sensitivity lr] 
use of two films, each surrounded by intensifying screens, has many practical 
advantages, chiefly in halving the necessary exposure times and_ protecti 
against the misinterpretation of photographic defects on a single film, but als 


in increasing the contrast and therefore the sensitivity. It appears that 


STK 


a practice should lower the minimum detectable thickness difference to near 


half of that obtainable with a single film. This, however, must be subjected 
to experimental trial. It is by means of quantitative measurements such as 
these. so well performed in the present instance by Messrs. Norton and Zieg 
ler, that radiography will most rapidly and surely be advanced. 


11 


G. E. Doan:" These new quantitative results of the gamma-ray method 


are of very great interest and practical importance. The figure 1.3 per cent 
compares with the figure of 2 per cent sensitivity obtained in the original 
measurements and with the figure of from 4 to 7 per cent obtained in similar 
measurements by the German investigators, Berthold and Riehl. The Germa 
investigators did not give the conditions of the test that they used, so we ar 
not able to account for their high values for the limit of sensitivity, but the 
present results are quite welcome. 

It is surprising to note that the German results for the thinner steels 
showed an increased sensitivity, while the present authors’ results show a dk 
crease in sensitivity with the thinner sections. Because of lack of data give 
in the German publication, I am unable to account for that difference. How 
ever, the present tests seem to be sufficiently careful and thorough to merit 
adoption of the results as accurate for the conditions under which they wer 
obtained. 

The Germans have also done some interesting work using mesothorium 
instead of radium. Mesothorium contains a good deal larger proportion ot 
waves of longer length than does radium, and therefore has a slightly greater 
sensitivity, that is, a slightly lower limit of sensitivity than radium has. Meso 
thorium, therefore, lies intermediate between the X-rays and the gamma-rays 
in its sensitivity. 

The improvement in technique which the Germans have contributed includes 
also the use of thicker screens of the tungstate type. These screens have been 
effective in reducing exposure times to one-tenth of those which were found 


"Associate professor, department of metallurgical engineering, Lehigh Universit 
Rethlehem, Pa 
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DISCUSSTON—GAMMA-RAYS 2R7 
riginal work. Of course that represents a very substantial saving in 
exposure when you can reduce it to such a small fraction of what it 

before. 
those who might be interested in the results of the German investiga 
ind in the more recent developments of the gamma-ray method, | might 


hat I have prepared in the Journal of the Franklin Institute for August 


September, 1933, a critical summary and résumé of the gamma-ray method 


resume also reviews the work of the German investigators. 


Authors’ Closure 


In a discussion of this paper, H. R. Isenburger has very kindly presented 

of the elementary theories underlying the sensitometry of X-ray films. 

do not agree, however, with his definition of the “threshold value” of a pho 

osensitive material. This is generally defined as the minimum exposure which 

just produce a perceptible blackening of the film and is not a value of 
nsity but of exposure. 

Mr. Isenburger criticized our procedure of subtracting from our measured 

densities a quantity which he calls the threshold value and which he seems to 

helieve includes the blackening of the film due to the scattered radiation. We 


have really subtracted a quantity which represents the density of the film bass 


nd unexposed emulsion, a value obtained from an unexposed film developed 


the ordinary manner. This density value is constant for any one series of 
exposures and does not include any effect of radiation on the film. Such a 
procedure is common practice in sensitometry and is quite justified in this 
Instance. 

Mr. Isenburger has also suggested that a density value of 0.7 is more 
suitable than a value of 1.0 as a choice for the standard density. We are quite 
well aware that some of the continental workers have shown that a density of 
0.7 is a value at which the eye is most sensitive to contrast but there are sev 


1 
| 
i 


eral reasons why the higher value is more suitable. In fact, in a later portion 


f his discussion Mr. Isenburger says that “the sensitivity below a density of 
1.0 in a gammagraph is questionable.” 
a The curves of the type shown in Fig. 2 should not be plotted on a log 


ee arithmic scale as Mr. Isenburger suggests. The entire value of these curves, 
Cl 


sin whose slope is a measure of the sensitivity, would be lost 1f this were done. 

It is not at all clear what Mr. Isenburger has attempted to show by the 
latter part of his discussion. It seems certain, however, that the extensive 
extrapolations which he has made are open to serious criticism. Calculating 
from his X-ray data, which it has been necessary to replot to a uniform scale 
instead of logarithmic, X-rays at 230 K. V. show a sensitivity of 1.1 per cent 
tor 2.5 inches of steel. Although the conditions were not the same as in our 
work, the results are probably of the right order of magnitude for comparison. 
[hese results indicate that gamma-rays above 3 inches are nearly as good as 
230 K. V. X-rays at 2% inches of steel. 

It has been suggested that the conditions used in these experiments were 

typical of commercial gamma-ray radiography. After a caretul survey 


eemed to us that capsules of radium emanation would be used in practice 
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much more generally than radium itself. We were familiar with speci- 
fications of the Boiler Code Committee on the inspection of welded joints but 


considered that we were investigating the average case because the Werage 
es 


defect is near the center of the specimen. A defect on the surface a lim- 
iting case. 

In reply to Mr. Goss, it is true that slight differences have been found in 
film of the same specification but different lot numbers. These differences, 


however, are quite small and undoubtedly due to the efforts of the manufac. 


turers to continually improve their products. The scattering of the rays jn 


the interior of the metal presents a serious problem but this phenomenon js 
so inherently bound up in the passage of radiation through matter that there 
seems no simple way to separate the two effects. 

In reply to Dr. Lester, it was quite surprising to find that the sensitivity 
of the gamma-ray method improves with thickness while with X-rays the sensj- 
tivity seems to behave in the opposite fashion. If all scattering is neglected 
the curves for X-rays and gamma-rays should show an improvement in sensj- 
tivity. Actually the gamma-rays show this improvement to a certain point 
and then the curve becomes constant. I believe that in the case of the X-ray 
method the curve would show an improvement, pass through a minimum, and 
then rise, finally reaching a constant value. 

There is a great deal of work to be done in the correlation of the size 
and shape of the defect with the blackening produced on the film both for X-rays 
and gamma-rays. It is first necessary, however, to have a method of stand- 
ardizing and comparing different experiments in a quantitative manner before 
attempting to correlate density measurements with visual observation. 

Drs. Doan and Mehl have pointed out certain discrepancies between the 
present work and the results of European investigations but Dr. Mehl has so 
completely explained this apparent difference that no reply is necessary. The 
authors wish to thank him for reference to two papers which had not come 
to the attention of the authors until after the work was completed. 

Considerable work has been and is being done to extend the results to the 
X-ray field and it is becoming increasingly clear that the step block method 
of determining sensitivity is not entirely satisfactory where large amounts of 
scattering are concerned. A modification of this method is now under test 
and it is hoped that consistent and reproducible results may soon be ayail- 
able for X-rays which will help to rationalize this very complex problem of 
sensitivity. 

The purpose of this paper has been to stimulate discussion and suggestion 
which might bring about a standard method of measuring and specifying the 
ability of radiographic methods to detect defects in solid bodies. We sincerely 
hope that it will assist in accomplishing this purpose. 
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